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RELATIONSHIP OF IN-CYLINDER GASEOUS AND
PARTICULATE CONCENTRATION TO RADIATIVE HEAT TRANSFER

IN DIRECT INJECTION-TYPE DIESEL ENGINES

K. T. Rhee, S. L. Chang, J. Matonick and C. Sheft

Department of Mechanical and Aerospace Engineering
Rutgers, The State University of New Jersey

New Brunswick, New Jersey 08903

ABSTRACT

The objective of the reported research was to investigate the
relationship of radiation heat transfer to the in-cylinder species distribution in
direct injection-type diesel engine combustion.

In order to implement this objective, both the experimental and
computational methods were employed during the course of the study. In the
experiment, in order to obtain the in-cylinder species distribution at successive en-
gine crank angles, a rapid sampling valve has been used on a laboratory-built single
cylinder direct injection-type diesel engine. Among the unique features of the new
sampling system is dilution of the sampled gas immediately after sampling to mini-
mize physical and chemical reactions which might take place in the sample train.
The sampling system was tested in a bench apparatus before being directly used in
the actual engine. At the same time, radiative heat transfer through the engine
combustion chamber wall was measured by using thin-film thermocouple with
quartz window in front. This was to measure portions of radiative and convective
heat transfer, respectively. The engine for the data acquisition was constructed
basically by combining a reciprocating system of an ASTM gasoline engine and a
newly constructed engine cylinder head. Although, the development of the engine
has offered an wide range of educational experiences, while some in-cylinder sam-
pling and radiation heat transfer data were obtained, we encountered a series of
problems in the engine requiring replacement of engine components, which were of-
ten difficult to obtain. At the end, the engine was regarded unable to meet the need
of operating for an extended period of time for data gathering. Consequently, it
was decided to use a new single cylinder engine that was made available through
DOD-URIP. While the engine is being prepared for continuation of the experiment.
more efforts were concentrated on the computational activities.

In the computational work. a radiation heat transfer model was
developed to predict spectral radiation heat transfer through the engine combustion
chamber wall for given in-cylinder species distributions. Several unique approaches
were taken in the modeling. For reporting the results from this work eight separate
manuscripts have been prepared under the present sponsorship: seven for publica-
tion in journals and one in an international symposium. They are for reporting our
discovery of a new integral function, a new exact solution of blackbody functions, a
new empirical equation of adiabatic flame temperature of fuel air systems, an
analytical solution of equation of radiation functions, a parametric analysis of
diesel radiation heat transfer, etc.
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STATEMENT OF PROBLEM

The proposed study was to conduct research to obtain a better
understanding of the processes of particulate formation and heat transfer in direct
injection-type diesel engines. Specifically, it was to obtain time- and space-resolved
concentration of gaseous and particulate, to measure components of instantaneous
heat transfer through convective and radiative processes, and to find the relation-
ship of the in-cylinder species concentration distribution to radiative heat transfer
data obtained in the combustion chamber.

The research objective was to be implemented by carrying out
the following work tasks: (1) Construction of a new single-cylinder direct injection-
type diesel engine; (2) Fabrication of an in-cylinder sampling valve and probes to
measure heat transfer through convective and radiative processes; (3) Compilation
of in-cylinder species data and heat transfer measurements; and (4) Development of
a computational model to understand the relationship of the species concentrations
to radiative heat transfer, consequently to compare results from both the computa-
tional and experimental approaches.

The research was to be conducted at the Department of
Mechanical and Aerospace Engineering, Rutgers, the State University of New
Jersey, by supporting two graduate students under the supervision of Dr. K. T. Rhee.
One student was to be assigned to experimental part of the study, i.e., to set up an
engine apparatus, measure in-cylinder species and radiative heat transfer from the
engine combustion chamber. The other student was to develop a computational
model of radiation heat transfer in diesel combustion to predict radiation heat
transfer through the wall when the combustion product distribution is given.
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1. BACKGROUND OF PROBLEM TO BE SOLVED

Although the current excess oil supply creating ecstatic pump
prices of automobile fuels seems to have us forget the painful experiences under-
gone during the oil-shortage on the early 70s, no one expected such low pricing to
occur when the present research was proposed, The global oil shortage has not gone
away from us at all, but is a temporary disruption in the supply-demand structure.
Actually, domestic petroleum resources are rapidly being depleted. Evidently, im-
port of foreign oil will not be the solution for filling the increasing domestic-oil gap
due to the rapid bottoming our oil-balance. Failure to implement solutions to the
problem in a timely way may lead to serious economic, social and political
disruption.

One viable approach to the oil-shortage is the efficient use of
limited energy resources. As the transportation system, especially automobile, is the
largest consumer of liquid fuels, advanced automobile technology is needed badly to
help find the solution of the domestic energy shortage. Note that the severity as-
sociated with the shortage may be even stronger than before if it comes to reality
again if not prepared for. For the future, improved technology for manufacture
and operation should be identified to achieve better fuel economy or to use alterna-
tive fuels.

In spite of the current pause in development of synthetic fuels,
sooner or later the United States will be making synthetic liquid fuels from coal and
shale. One of the first problems to be solved is the determination of the composi-
tion of the new fuels. It is particularly important to know the compositions of the
new fuels because existing highway transportation systems are highly sensitive to
fuel grade. It is likely that new fuel compositions will not be much different from
those of existing fuels. On the other hand, there is a consensus that the
carbon/hydrogen ratio of the new fuels may be somewhat higher. The former con-
sideration is based on the fact that there are millions of engines already in the field.
and their owners expect many years of satisfactory service even by using new fuels
in the future. The opinion on the C/H ratio is expressed because the price of new
fuel will be very much dependent upon the cost of the hydrogen to be used in the
process of new fuel production.

The diesel combustion engine produces a high power output
per gallon of fuel, resulting in increased fuel economy in transportation. in spite of
the advantage of high fuel economy, there are several main problems to be solved
for becoming a better propulsion system. Among the problems associated with diesel
engine powered vehicles is the emission of diesel smoke (or particulate). Such smoke
emission is expected to be even worse if new fuels with high C/H ratios are used.
The diesel smoke not only looks bad but also contains polynuclear aromatic
hydrocarbons (PAH), some of which are known to cause mutagenic actions on living
cells. In an attempt to reduce the smoke emission from diesel engines, the U.S. EPA
has established an exhaust particulate regulation to apply to diesel-powered vehicles.
Some studies (Lestz et al., 1982; Bradow, et al., 1982) suggested that pyrene, one of
PAHs, might react with NOx in diesel engines to form nitropyrene which is con-
sidered to be one of the most active mutagenic reagents. It is highly desirable to
know where, when and how this compound is formed in diesel engines. Ultimately,
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one wants to minimize such harmful reagents contained in diesel exhaust. In
addition, diesel exhaust produces unpleasant smells, which seem to be closely related
to the composition and amount of smoke in the emission.

The direct injection-type diesel engine provides better fuel
economy than the indirect injection-type diesel engine. This is due mainly to the
smaller ratio of combustion chamber surface ratio to its volume, so that the heat loss
to the chamber wall is less. And it is well known that the great portion of overall
heat transfer in diesel combustion occurs through radiative heat transfer. As the
radiative heat transfer is affected by the content of carbon particles appearing in
the combustion flames, the heat loss may even be increased as the high C/H ratio
fuels are used in diesel engines. The extent of smoke appearing in the exhaust
during combustion is considered to relate closely to the heat loss in the combustion
chamber. Without mentioning other complex processes affecting efficiency, the
large amount of smoke appearing in the exhaust, therefore, may represent a red
signal in diesel economy.

At the time the present research proposal was submitted, there
had already been vigorous interest in eliminating the cooling system of the diesel
engine, the adiabatic (or low-cooled) engine concept. Although the waste energy
recovery by the approach may not be significant, the problems associated with the
elimination of the cooling system of the engine remain as difficult tasks to be
solved in the new engine development. Since the conventional diesel engine rejects
as much as 35% of the total energy produced by the combubtion processes to the
cooling and lubrication systems, the elimination of the cooling devices poses con-
siderable difficulty in various aspects of'engine production: design modification,
material, tribology, fuel system, etc. Specifically, greater concerns are those as-
sociated with thermal loading, processing/development of insulating materials and
finding methods of long-term bonding of such materials to the combustion chamber,
and lubrication/wear reduction between the cylinder liner and piston rings. Since
those issues are closely dictated by the greater thermal loading than the engine com-
ponents can withstand, it is highly desirable to have a better understanding of heat
transfer in the engine. This is not only for the fundamental issue of better under-
standing the processes but also for helping to develop better low-cooled engines.
For example, when the engine performance and endurance to survive of the newly
designed engine concept (e.g., turbocompound) is analyzed, one of the first missing
information for carrying out the task is suitable models predicting heat transfer in
the engine.

In an attempt to obtain a better understanding of diesel com-
bustion processes, Rutgers, University conducted diesel engine combustion research
for some years before the award of the present research contract. The objective of
the previous work was consistent with the proposed research goals in the present
study enabling efficient continuation of the engine study in our engine laboratory.
The construction of engine apparatus for the proposed study was in good progress
and a preliminary radiative heat transfer model was almost complete when the
proposal was submitted.

*It was expected to obtain a better understanding of the
relationship of radiation heat transfer to in-cylinder species distribution in diesel
combustion upon the completion of the proposed research work.
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2. OBJECTIVES OF THE STUDY

The objectives of the proposed work under the sponsorship were

(I) to obtain time- and space-resolved particulate data (and CO 2 , CO, 0,
local fuel/air ratio) in a direct injection-type diesel engine combustion
chamber,

(2) to measure the instantaneous heat transfer (convective and radiative,
respectively) through the combustion chamber wall,

(3) to construct a computational model of radiation heat transfer to predict
radiative heat transfer through the wall for given in-cylinder species
distributions in diesel combustion, and

(4) to investigate the formation processes of nitropyrene in diesel combustion
by determining its concentration during the reaction period.

3. RESEARCH METHODOLOGY

The following explains work tasks that were to be carried out
for implementing the objectives.

(I) A new single-cylinder direct injection-type diesel engine which were
being built under the previous research contract was to be completed for
the study.

(2) A new sampling system having dilution for minimizing physical and
chemical reactions that might take in the sample train was to be developed
for determining in-cylinder species distributions.

(3) Heat transfer probes were to be fabricated for the measurement of
instantaneous heat transfer through the combustion chamber wall.

(4) The preliminary 2-D radiation heat transfer model was to be improved
for constructing an extensive 3-D non-gray radiatiun heat transfer model.

Upon the construction of the engine set-up and engine diagnos-
tic tools, in-cylinder gaseous species and particulate concentrations were to be taken
at different engine crank angles and different locations in the combustion chamber.
At the same time, radiation heat transfer data were to be obtained at corresponding
engine conditions.

Once the species distribution and radiation heat transfer data
in the combustion chamber were obtained, predicted radiation heat transfer using
the new computational radiation model based on the in-cylinder species distribution
was to be compared with measured radiation heat transfer data.

The study of pyrene in diesel combustion was to be conducted
in collaboration with a properly instrumented group for the analysis of samples,
such as, EPA Mobile Source Emission Branch: Time-resolved in-cylinder samples
taken from the engine using the new sampling system were sent to the analytical
group for finding the history of pyrene formation in diesel combustion. This ap-
proach was expected to provide information as to when and where pyrene is formed
in a diesel engine combustion chamber.

6



I

4. RESULTS FROM THE STUDY

The cumulative results achieved in the study are explained in
two main parts, i.e., experimental and computational approaches. Included in the
experimental side are the construction of engine apparatus, in-cylinder probes and a
sample processing system. Extensive results from the computational work are
reported.

4-I. EXPERIMENT

A. CONSTRUCTION OF APPARATUS

ENGINE SET-UP. The construction of the new engine was made by combin-
ing a reciprocating unit from an ASTM gasoline engine, a new cylinder head, a new
cylinder block, and as many stock parts as possible to minimize the machining cost.
For the construction of the system using various engine components from different
sources, extensive modifications were needed in those components. Among the
modifications made in the construction are balancing of the reciprocating system,
machining of the cylinder block, special design of injection nozzle for the new
engine, etc. Note the design details of individual engine components are explained
in a separate report (DOT/RSPA/DMA-50/84-4). Although some of its content may
seem somewhat repetitive because of various subsequent improvement and redesign
made in the system during the present research contract, they are briefly explained
in Appendix-I.

IN-CYLINDER SAMPLING PROBE. The probe for obtaining in-cylinder
species determination was newly developed and tested using our laboratory built
engine. Unlike the conventional intermittant flow-type sampling valve, the basic
design idea of the new sampling system is based on a continuous sampling valve
which was developed by Rhee, et al. (1978) for minimizing the potential effect of
quenched boundary layer formed around the probe hole on the measurements. The
new system constructed under the present support was to include an in-probe dilu-
tion method in order to eliminate or minimize the physical and chemical reaction
which might take place in the sample train. The disturbance of the flow field by
the presence of the probe in the cylinder may be greater with the present continuous
flow-type system than the intermittent flow-type as some limited bench test
exhibited. However, the disturbance, if noticeable at all, is not considered to sig-
nificantly affect the sample because the volume of the sample being taken by the
probe is from the uninterrupted part of the swirling in-cylinder charge: at most, the
disturbance will affect the composition of the combustion products downstream of
the probe. The details of the probe are explained in Appendix-lI.

HEAT TRANSFER PROBES. In spite of strong interest by many auto en-
gineers in measurement of heat transfer through the combustion chamber wall, the
measurement in diesel engines has not been properly made due to the inherent na-
ture of diesel combustion, namely, high soot formations. The high soot content in
the cylinder combustion products rapidly fouls the windows installed for optical
access and the thermocouple probe placed on the wall. Even neglecting the problems
associated with the soot fouling formation on the probes, the separation of

9 . x-
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the portions of heat transfer by convective and radiative processes remains as a dif-
ficult task to be solved in the diesel heat transfer analysis. Discussing the
methodology for the goal, there are two basic approaches that one could choose for
separating the individual effects: one is to isolate the portion of convection heat
transfer in a measurement, which is basically a measurement of radiation heat
transfer;, the other is to exclude the radiation effect in a measurement, which is,
then, a measurement of convective heat transfer. Although both approaches have
carefully been studied in the present research, since the former method has been
studies more intensively its details are only discussed here. (Presently, the latter
method is at the evaluation stage and its discussion will be made upon conducting
its bench test.) The surface thermocouple method (Overby et al., 1961) has been
chosen to obtain the instantaneous heat transfer through the combustion chamber.
Two probes were placed in a mounting plug, one installed flush with the wall for
measurement of total (convection plus radiation) heat transfer and the other
recessed with a quartz window in front for measurement of radiation heat transfer.
More details of the probes are discussed in Appendix-III.

SAMPLE PROCESSING SYSTEM. In order to comply with the definition of
soot by EPA in our measurement of in-cylinder combustion products, several sample
processing methods are chosen in the present work: As mentioned previously, dilu-
tion of samples in the sampling probe is important for proper quantification of the
in-cylinder soot distribution. Since soot is defined as "any material (excluding con-
densed water) collected by filtering a sample of diluted exhaust, and the sample
train be maintained at 1250 F," the sample taken out of our probe was to be intro-
duced into a filter unit at the recommended temperature. The measurement of soot
was to be made by weighting a filter before and after a known volume of sample
was passed through it. A new sample processing unit was constructed to stabilize
the filter (before and after sampling) where the environment is controlled at a
designated condition. Because of the relatively unstable nature of particulate
samples, it was necessary to use a special caution in the collection and processing of
data. The chamber built for this purpose exhibites a very satisfactory result by
maintaining a typical condition of relative humidity of 55% and a constant tem-
perature of 820 F. In addition, in order to compare the in-cylinder soot formation
to the exhaust soot emission, a new exhaust dilution tunnel was constructed in our
laboratory by duplicating the GMR dilution tunnel (McDonald et al., 1980).

B. ENGINE DATA

ENGINE FAILURE. While we were conducting some preliminary engine
tests by using the heat transfer probe and the sampling valve, there were a series of
engine problems occurring in the laboratory built-engine: some were simple and
others were seemingly serious. For example, we had to find three new sets of timing
gear and oil pump driving gear (located in the same space in the engine) due to
repeated chaotic failure of the components. This was considered to occur due to
the greater load that the timing gear had undergone (by driving the fuel injection
pump) than originally designed for use in an ASTM-CFR gasoline engine. Another
persisting problem encountered in the set-up was the control of leakage in the newly
constructed camshaft installed for driving the fuel injection pump. During the
process of the engine construction and the preliminary measurements, we had to
have a major overhaul of the entire engine many times. The engine upon its con
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struction had more than fifty hours of compiled operation time before the most
serious problem occurred lately. The problem in the engine found in the recent
overhaul was that the crankshaft was noticeably deformed and needed proper repair
or replacement. It was judged that the engine might not exhibit satisfactory
functioning for the in-cylinder data acquisition and would take a considerably long
period of operation. In the meantime, we were awarded a grant under the DOD-
URIP to develop a new single cylinder direct injection-type diesel engine that can
be used as both a conventional water-cooled mode and a new uncooled operation.
Although the development of the new engine was not originally proposed for replac-
ing our laboratory-built engine, it was concluded that use of the new engine would
be the best solution for future data acquisition. Consequently, any systematic data
acquisition has not yet been made for discussing meaningful engine data ,n this
report.

Note that, in addition to the DOD-URIP sponsored engine,
another new unit of Cummins 903-block base single cylinder direct injection-type
diesel engine was made available to us (provided by Cummins) for fundamental
studies of diesel combustion. This additional engine has been lined up for the
measurement of instantaneous temperature variation on the engine combustion
chamber walls. For this, a new grass-hopper linkage that was constructed in our
laboratory is being placed in the engine.

4-2. COMPUTATIONAL WORK

While various difficult problems were encountered in the ex-
perimental work, which hampered the scheduled data acquisition, some very sig-
nificant progress has been made in the computational approach. The main goal in
the computational work was to develop a computer model to predict radiation heat
transfer through the combustion chamber wall. The model is explained in the fol-
lowing and several new techniques employed in the modeling are separately
explained.

A. RADIATION HEAT TRANSFER MODEL

In the construction of a radiation heat transfer model for com-
bustion systems, several serious problems are faced, mainly due to the directionality
and spectral nature of radiation heat transmission. Among the serious problems to
be solved in modeling, as discussed next. may be

(1) A viable computation of spectral volume absorptance of a mixture of
combustion products along with determination of emission characteristics
of species,

(2) A more accurate computational method for solving the equation of
radiation heat transfer along individual optical paths in the
hemispherical volume faced by locations of the combustion chamber wall.

(3) A detailed description of in-reactor distribution of combustion products
and temperature in terms of a suitable coordinate system centered at an

9
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individual locations where heat transfer is computed and its coupling with
the above mentioned equation of radiation heat transfer.

SPECTRAL VOLUME ABSORPTANCE OF SOOT'GAS MIXTURE. When a
source of radiation heat transmission, particularly a mixture of combustion products
including soot, is evaluated, it is necessary to find the volume absorptance and tem-
perature of the mixture. Th, most widely accepted method of computing the ,
spectral volume absorptance of such a mixture seems that the absorptance by soot
cloud,.Xs, and that by gaseous components, Xg are found to find the summed
absorptance,X . In the computation of soot radiation, since most of the practical
combustion systems produce soot having much smaller thermal wavelength, the scat-
tering effect on the radiation by soot cloud is minimal and its computation may be
made by using the Rayleigh limit expression. The expression is independent of the
soot size, inversely proportional to the wavelength, and proportional to the soot
volume fraction, i.e.,

36 n k(n/,) f
V

• s 2 2(1)
n 2(1-k 2 ) 2]2  , n a(

The optical constant, n, k, the real and imaginary parts of the refractive indices,
were measured from the intensity of polarizing light reflected from the soot par-
ticles and the measurements were fitted to the dispersion equation (Dalzell and
Sarofim, 1969; Lee and Tien, 1981). More details of the computation are shown in
Appendix-IV, where results from our preliminary radiation heat transfer analysis in
diesel combustion are reported.

For computation of emission from gaseous mixture, the empiri-
cal wide band model proposed by Edwards and Balarkrishnan (1973) has often been
used by others in the past, and the same techniques were employed in the present
modeling. The details of this method for our modeling is extensively explained in
Appendix-IV.

The remaining question for the computation of spectral radia-
tion of a soot laden mixture may be the summation of both the soot radiation and
gas radiation. In view of a previous method of summation of gas emittance.~e and
soot emittance,e s in order to find the total radiation, e for gray body analysis, i.e..
4- 

1 -( 1 -eg)(1-es) (Siegel and Howell, 1981), the following similar approach to the
method was employed in the computation of spectral volume absorptance: The
spectral volume absorptances for gas, KXg and soot cloud, KXs were computed as

r'.g:C (2-a)

where, C is found from AX

and in Eq. (1), one finds

=s / (2-b)
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V.D

The summation, then, was found by the following:

= )/(3)

The validity of the new method for the spectral property, Eq. (3), although similar
to that widely used for gray body computations, remains to be studied.

EOUATION OF RADIATION HEAT TRANSFER. Although the equation of
radiation heat transfer in radiatively participating fluid is well known, its solution
for practical combustions is not readily solvable, due to complexities of the
equation. Elaborating further on the abovementioned problem, Fig. 1 is shown for
writing the governing equation of the process as

0ro jxr')_jr
:(r) = f - e (r') Exo( , r " )dr')d r '

f (7f bX r \ (4)

where, 2 ,hc
e, k5 [Exp(hc/XKT)-1] ?

is e spectral volume absorptance a (r,e, ), c = 2.998 x 1010 cm/sec, h = 6.625
x 10-"' erg-sec, and k = 1.380 x 10- 1 erg/K. The heat flux along an optical path
of a solid angle in the radiation range may be computed from,

94 = I X(0) cos a dX (5).
0r

Among the main difficulties in finding a solution of Eq. (4) are that is a function
of both species concentrations and temperature, that both variables are a function
of the location along the individual optical path, r, and that the mathematical com-
plexity of the equation is severe so as to employ simplified methods (as in previous
studies). Since the species distribution along the individual optical paths is dis-
cussed in the following section, the new mathematical approaches taken for Eq. (4)
are mentioned here.

The equation of radiation heat transfer, Eq. (4), due to its
mathematical complexity, has been solved by using various simplified methods in
the past, e.g., the Monte-Carlo method (Steward and Cannon, 1971), the zonal method
(Hotel and Sarofim, 1967; Menguc et al., 1985) and the use of geometric factors
(Chang and Rhee, 1983). Since we reported the abovementioned results obtained,."
from" using the geometric factors in 2-D model, a new analytical method of non-gray
3-D radiation heat transfer has been developed. Equation (4) has been processed by
using several unique analytical methods for finding analytical solutions for both op-
tically thin and thick media and for using a relatively simple numerical method for
optically medially thin medium. The details of the solution are explained in
Appendix-VI.

SPECIES DISTRIBUTION ALONG INDIVIDUAL OPTICAL PATHS. In con-
ducting radiation heat transfer computation for a container having soot-laden com-
bustion products, one of the most important pieces of information needed for it is to

,.*.-
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find the species distribution along individual optical paths in the hemispherical
volume faced by the location where heat. transmission is considered. Two tasks
have to be carried out for the objective (refer to Fig. 1): The combustion product
distribution has to be given with respect to a reference location in the combustion
chamber, most probably the injection nozzle (C in Fig. 1); a convenient method of
finding the species distribution along optical paths with respect to D. In conducting
these tasks, it is necessary to find distribution functions that can be coupled with
Eq. (4) for attempting to find its solution.

When Eq. (4) was studied, with reference to experimental data
and computational results as to in-cylinder combustion product distribution reported
by others, it was found that several needs for the goal would be met, if the distribu-
tion with respect to the nozzle is expressed in the following form of new equation,

F = f exp (-ap-bo-cz2) (6).

where F represents either fuel/air ratio, or soot concentration, or CO 2 of H20
concentrations; f, a, b and c are constants to be determined by using experimental
method or computational means. This new form of equation is considered to
reasonably well describe the species distribution of nonaxisymmetric plumes and of-
fer various advantages, e.g., that the expression can be used for describing the spray
plume in swirl motions by including its effect in -direction, and again, that it
facilitate solutions of Eq. (4) as mentioned in the previous section. For this,
however, with a given species distribution with respect to the nozzle, Eq. (6), it was
necessary to find the distribution along individual optical paths (refer to Fig. 1).

In order to meet this need, a new coordinate transformation
method was developed in the present study. Since the details of derivation are
shown in Appendix-VII, our new results are only shown in the following.

F = fdexp(_C(rr 0 )/r]w
2  (7).

where, fd,ro and rw are functionally related to,, Pd' .d' zd, f, a, b, c and c.
Basically, when the distribution of combustion products in a chamber with respect
to a reference location, the distribution can be calculated along any chosen optical
path in the chamber so that the the distribution of volume absorptance along an op-
tical path is computed, according to Eq. (3), as

"- . <I exp (-c 1 (r-rI)2) (8).

This relation is used for implementing Eq. (4) for predicting radiation heat transfer
through a combustion chamber by integrating Eq. (5) over the entire hemispherical
volume faced by the location of heat transmission.

B. NEW TECHNIQUES FOR EQUATION OF RADIATION HEAT TRANSFER

Several new techniques have been developed during the process
of developing a new model of radiative heat transfer, Eq. (4). Among those worthy
of mention are a new integral function, a new blackbody function, and a new em-
pirical equation for adiabatic flame temperature of fuel/air systems.

12
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A NEW INTEGRAL FUNCTION FOR RADIATION CALCULATIONS.
During the process of finding a solution of Eq. (4), we encountered a new integral
function in the following form.

C 1 -ax X x% ~ -_ -- • x1 ax(9).e- .5'

Since an analytical solution for the equation in not known, it was considered to be
very difficult to solve Eq. (4). Fortunately, an exact solution of Eq. (9) was dis-
covered in a more general form as,

a XX_ dx - F(m,,x -(m.a,x 2 ). (10)

S- S7

where, F (m,a,x) (na)x r (n&) -- L

Note that a special form of Eq. (9) is Debye functions of which
values are included in most of the mathematics tables. That is, we can find a solu-
tion in closed form of Debye function as follows.

-j_ CF(3, O,x ) - F(3, 0,x l (11)

Details of the derivation of this new integral function are explained in Appendix-
VIII.

BLACKBODY RADIATION FUNCTIONS. Among the more significant of
our new integral functions was another new discovery of blackbody radiation func-
tions by using Eq. (10), as defined in the following.

z' 0 E EbX dX d}xT - f (.XT)"FoXT d T d(T) (

Note that the functions are tatbulated in most basic heat transfer textbooks. In
addition, for the computer solution of various types of radiation problems, previous
researchers employed polynomial curves fitted to the function (Pivovonsky and
Nagel (1961). With the new exact solution of the abovementioned integral equation.
it was found that the blackbody fuctions can be solved in a closed form as shown
below.

X (. .-.. d 15 (! (X 3 + ,2 6x 6a 0-).T . ndi n 2 3) (13)

The further details of the solution derivation are shown in Appendix-X.

EMPIRICAL EQUATIONS FOR ADIABATIC FLAME TEMPERATURES.
One of the most time-consuming processes in computation of the new model was to
compute the adiabatic flame temperature (AFT), which was made based on fuel/air
ratios. Primarily, in an attempt to reduce the computer time in the beginning, a
careful study of the relationship of AFT to its main variables was carried out.

13
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In the analysis, a new equation was developed to estimate the AFT for fuel-air sys-
tems of several families of fuel under varied reaction pressures as shown in the
following.

T.= t(I + b' In,6 + l (Iriq')-' (K) (14)

whcrc a =tia + a.. In(PIP,)
" = '+ chi + ln( PiPt)

Fucl volumc rraction
(Fuel volunic fraction.m.,11

P0  I arin-

and a1, bi t ... are coefficients of each family of fuels separately given as shown in
Appendix-XI.

This formula, however, does not include the variation of ini-
tial temperature of fuel/air mixture. Upon extensive study of the AFT of fuel/air
systems, a better formula for computing AFTs was developed by including all the
major fuels and variables as shown below.

T. - A,(I +A2 In + A.4(ln -

At = Ai+At In P+A,3 (In P)2 (i 1,2, 3) (15)

A - All, +4zg In T+A03(In T) 2 (j 1. 2, 3)

At 1ta - Ailkl + AijA2 In Se + .43 3(ln N) 2  (k = I. 2. 3)

where, A..k were found for individual fuel families and also fuels. Considerationsij
given in its development and the abovementioned constants for fuels are given in
Appendix-XII.

When the AFT is computed for a mixture of the initial tem-
perature of 2980 C, use of Eq. (12) may be more convenient; and for mixtures at
temperature other than 2980 C, use of Eq. (13) is recommended.

C. RELATIONSHIP OF GASEOUS AND PARTICULATE CONCENTRA-
TIONS TO RADIATION HEAT TRANSFER IN DIESEL COMBUSTION

The objective of the proposed study has been implemented by
conducting parametric analysis of radiative heat transfer in diesel combustion using
our new computational model. Granted that the new model remains to be verified.
some results from the present analysis appear to be very reasonable.

Several major variables were considered for the analysis as
listed in the following (An in-depth discussion is found in Appendix-XII). They are.

(1) The location in the combustion chamber,
(2) The surface emissivity,
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(3) The soot concentration,
(4) The soot and gas radiation,
(5) The reaction pressure,
(6) The combustion chamber wall temperature, etc.

Some of the more significant conclusions drawn from the
analysis are listed in the following:

o. The most portion of radiation heat flux incident on a location in the
chamber wall comes from the radiation source right near the location.

o. The effect of surface emissivity on diesel radiation may not be negligible,
in particular, when the surface temperature is high as in a new uncooled
diesel engine.

o. The diesel radiation heat transfer is highly dependent on the soot
concentration and weakly sensitive to the gaseous species concentration.

o. The pressure effect on the radiation is almost negligible in diesel
combustion.

o. The surface temperature of the chamber wall is not a sensitive parameter
on the diesel radiation heat transfer.

5. SUMMARY AND RECOMMENDATION %

The relationship of radiation heat transfer to gaseous and par-
ticulate concentrations in diesel combustion has been studied by using both ex-
perimental and computational methods.

In the experimental work, because of unfortunate and serious
engine failure the in-cylinder measurement was deferred until a new engine that is
being set up becomes fully functional. Among the work tasks which have been
carried out in the experiment are (1) construction of a single-cylinder direct
injection-type diesel engine, (2) development of an in-cylinder sampling probe, (3)
fabrication of heat transfer probes, and (4) construction of sample processing
systems, including an exhaust dilution unit and a sample stabilization chamber.
These engine diagnostic tools are being prepared using data acquired from the new
engine.

The computational work modeling radiation heat transfer in
diesel combustion has been greatly successful, to the present researchers' view, who
have prepared seven separate refereed publications on the subject, as listed in
section-7 and included in the appendices.

Due to the engine problem encountered in the experimental
approach, the objective of verifying our new computational model has not ac-
complished before the contract period was over. It is hignhy desirable to continue
the present work for achieving this remaining objective and a continuation would
make it possible to achieve the objective in the most economical way in time and
cost because we have trained ourselves and acquired tools needed for the study.

* 15

* ...



k.

6. ACKNOWLEDGMENT

The entire course of the study was closely monitored by Dr.
David M. Mann. Mr. J. Konczyk in Engineering Machine Shop, Rutgers University
greatly participated in construction of the engine and diagnostic tools. Their inter-
est and help are greatly appreciated.

7. LIST OF PUBLICATIONS AND TECHNICAL REPORTS

Eight separate papers have been prepared under the present
sponsorship during the three-year contract period. They are included in the
Appendices. The title of the papers are listed in the following.

1. "Computation of Radiation Heat Transfer in Diesel Combustion",
SAE Transactions, 1984, pp. 3.1002-3.1016.

2. "Adiabatic Flame Temperature Estimates of Lean Fuel/Air Mixtures",
Combustion Science and Technology, 1983, vol. 35, pp. 203-206.

3. "A Useful Integral Function and Its Application in Thermal Radiation
Computations," Int. Comm. Heat and Mass Transfer, 1983, vol. 10, pp. 329-333.

4. "Blackbody Radiation Functions,"
Int. Comm. Heat and Mass Transfer, 1984, vol. 11, pp. 451-455..

5. "Empirical Equations for Adiabatic Flame Temperatures for Some Fuel-Air
Combustion Systems," Combustion Science and Technology, 1985,
vol. 44, pp. 75-88.

6. "Coordinate Transformation Method for Radiation Heat Transfer Prediction in
Soot Laden Combustion Products," being reviewed for publication.

7. "An Analytical Method of Non-Gray Three-dimensional Radiation Heat
Transfer in Spray Combustion," being reviewed for publication.

8. "A Parametric Analysis of Radiation Heat Transfer in Diesel Injection Diesel
Combustion," Proceedings of Int'l Symposium on Diagnostics and Modeling of
Combustion in Reciprocating Engines, Sept. 4-6, 1985, Tokyo, pp. 167-174.

8. PARTICIPATING SCIENTIFIC PERSONNEL

The following individuals have contributed in carrying out the
present project during the period of contract. Note that the personnel support was
available to provide two research assistantships under the sponsorship.

Professor K. T. Rhee, Principal Investigator,

16



Student Participation:

Dr. S. L. Chang,

Mr. Jeff Matonick,

Mr. Chirs Sheft, and

Mr. X. L. Yang.

The degrees awarded on the present support are two M.S. for S.
L. Chang and X. Yang; and one Ph.D for S. L. Chang.

9. REFERENCES

Aaman, C. A., "Why Not a New Engine?" SAE Paper-801428, 1980

Bradow, R. L., Zweidinger, R. B., Black, F. M. and Dietzman, H. M., "Sampling
Diesel Engine Particule and Gaseous Emission Artifacts from Nitrogen
Dioxide Interactions," SAE Paper-820182, 1982.

Edwards, D. K. and Balakrishnan, A., "Thermal Radiation by Combustion Gases,"
Int'l J. Heat Transfer, vol 16, 1973, pp. 25-40.

Dalzell, W. H. and Sarofim, A. F., "Optical Constants of Soot and Their
Application to Heat Flux Calculation," ASME Transactions, vol 9,
1969, pp. 100-104.

Ebersole, G. D., Myers, P. S. and Uyehara, 0. A., "The Radiation and Convective
Components of Diesel Engine Heat Tranfer,: SAE Paper-701C, 1963.

Hottel, H. C.. and Sarofim, A. F., Radiative Transfer, McGraw-Hill Book Co.,
New York, 1967

Lee, S. C. and Tien, C. L., "Optical Constants of Soot in Hydrocarbon Flame,"
18th Symposium (Int'l) on Combustion, The Combustion Institute, 1980,
pp. 1159-1165.

Lestz, S. S., Herr, J. D., Dukovich, M., Yergey, J. A., Risby, T. H. and Tejada,
S. B., "The Role of Nitrogen in the Observed Direct Microbial Mutagenic
Activity for Diesel Engine Combustion in a Single Cylinder DI Engine,"
SAE Paper-820467.

MacDonald, J. S., Plee, S., D'Arcy, J. B. and Schreck, R. M., "Experimental
Measurements of the Independent Effects of Dilution Ratio and Filter
Temperature on Diesel Exhaust Particulate Sampling,"
SAE Paper-800185, 1980.

17

If"+ I I ,, t "q " l + II +I' ." * I)" #' b l '+ -' . L + I . .. ." 'I'I Il I" 1 " I'-I ! )k I il" 1 1 11*1"" ' '"-- - " " '+ ""+ ' '+ "~ m ' 'k I+ '' I' "' +' +"I'I °) ' "% t "' ' " +: I - I



Menguc, M. P., Viskanta, R. and Ferguson, C_ R., "Multidimensional Modeling of
Radiative Heat Transfer in Diesel Engines," SAE Paper-850503, 1985

Obert, E. F., Internal Combustion Engines and Air Pollution, Harper and Row
Publication, New York, 1973.

Overbye, V. D., Bennethum, J. E., Uyehara, 0. A. and Myers, P. S., "Unsteady
Heat Transfer in Engines," SAE Transactions, vol 69, 1961, pp 461-494.

Primus, R. J., Hoag, K. L., Flynn, P. F., and Brands, M. C., "An Appraisal of
Advanced Engine Concepts Using Second Law Analysis Techniques,"
SAE Paper-841287, 1984

Rhee, K. T., Myers, P. S. and Uyehara, 0. A., "Time- and Space-Resolved Species
Determination in Diesel Combustion Using Continuous Flow Type Gas
Sampling," SAE Transactions (Paper-780226), 1979.

Siegel, R. and Howell, J. R., The Radiation Heat Transfer, 2nd Edition,
McGraw-Hill Book Co., 1981.

Steward, F. R. and Cannon, P., "The Calculation of Radiative Heat Flux in a
Cylindrical Furnace Using the Monte Carlo Method," Int'l J. Heat Mass
Transfer, vol. 14, No. 2, 1971, pp. 245-262.

*' Whitehouse, N. D., Clough, E. and Roberts, P. S., "Investigating Diesel Combustion
by Means of a Timed Sampling Valve," SAE Paper-77409, 1977

Zvonow, V. A., Stewart, H. E. and Starkman, E. S., "Hydraulically Actuated
Combustion Gas Sampling Valve," Review of Scientific Instruments, 33,
No. 12, 1968.

18

.".



APPENDIX-I

CONSTRUCTION OF A SINGLE CYLINDER LABORATORY DIESEL ENGINE

Construction of the system was a continuing endeavor for our
engine research. Several main engine components were newly designed/constructed .'
for the construction of the system. Details of the components are explained in the
following.

RECIPROCATING UNIT AND CRANKCASE. Among the main design and
modification details are,

-a large hole (6 in. diameter) bored at the top of the crankcase,
-a new camshaft for replacing the existing one in the ASTM engine to connect
a fuel injection pump and an encoder,

-balancing of the reciprocating system by installing two balancing weights
(1,109 grams each), etc.

The sealing at both ends of the camshaft was constructed a few
times for eliminating excessive leakage found during engine operation. The instal-
lation of balancing weights at the end of the connecting rod and balancing piston
was rather involved due to the space limitation in the crank case: a new oil strainer
was fabricated at a new location for reserving space for their installation. Of
greater concern in the reciprocating unit was the endurance of the timing gear be-
cause the gear took a heavier load to the drive injection pump unlike the simple
load undergone when operated as a ASTM gasoline engine: the gear was repeatedly
broken three times requiring replacement of both the timing gear and the oil-pump
driving gear. It was found that the original crank shaft might not been suitable for
being used in the new diesel engine as we discovered that the unit was bent to one
direction creating excessive vibrations of the engine.

CYLINDER BLOCK. A new cylinder block was constructed where the
cylinder liner was installed and a water jacket was attached for cooling the liner
(the cooling of the cylinder head was made through a separate coolant flow). The
construction details are,

-a cylinder block that houses a cylinder liner from GM-53 series,
-accommodation of corresponding engine components including liner, piston,
piston-ring, con-rod, bearings with proper modifications where needed.

-a newly fabricated water jacket package installed on two cavities of the new
cylinder block,

-new intake and exhaust manifolds connected to the engine block, etc.

The construction of the cylinder block was a difficult task
since the proper scavenging of the engine was required in the system. An approach
taken for this goal was to install several different newly fabricated vane blocks
before the intake ports in order to identify the most suitable one for the engine:
this was basically to minimize the soot emission from the engine. In this experience,
a swirl meter was installed in the cylinder under steady flow conditions to find the
highest swirl motion of the intake air, since the swirl of the engine configuration
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was very low due to the simple design of the engine components. An aluminum
block carved for air flow seemed the most suitable of all we tried. Upon extensive
engine operation periods, we found, however, a severe deposit of wet soot on the in-
take port indicating significant back flow of air during the early part of the ex-
haust period. Since the fuel was injected every two cycles providing an extra
scavenging, the construction of vane blocks was not further pursued. However, this
approach might have been responsible for the deposit of wet soot due to over-
cooling of the engine components.

CYLINDER HEAD. The construction of the engine cylinder head was another
unique experience. The main head was constructed out of a cold-roll block includ-
ing the following machinings:

-a cylindrical cavity for the combustion chamber by matching with the
cylinder liner and head gasket (Fig A-1),

-a water jacket around the cavity connecting the coolant flow separate from
that in the cylinder block (Fig A-2),

-a mounting plug and its cavity in the cylinder head for in-cylinder probes
enabling selection of measurement locations during the engine operation,

-installation of the injection nozzle with minimum use of space in the head
for reserving maximum room for the in-cylinder probe mounting as
mentioned above,

-three injection nozzles with different sac volumes which were specially
manufactured for the new engine experiment (Fig A-3), and

-brackets for mounting thermostat and coolant connections.

Two of the main concerns in its construction were the cooling
of the cylinder head and selection of the injection nozzle suitable to the engine. It
was found that the cylinder head was excessively cooled in the early tests. A new
thermostat was installed for eliminating the problem. The selection of the injection
nozzle still remains as an unresolved experience due to the insufficient detailed
measurements and relatively short period of experiment with the engine; we have
been using one type of nozzle of three selections for eliminating various immediate
engine design issues.

ENGINE ACCESSORIES. Several new engine accessories were required in the
engine apparatus for facilitating the engine operation and control.

-a mounting plate (24-24-0.5 inches) installed in the front side of the engine
for mounting various engine components: a fuel injection pump (American
Bosch, APE IB50P5625B); a water pump; a fuel filter and water separator
assembly; a phase shifter (for the timing control of in-cylinder sampling),
installation of an encorder; etc.,

-a new phase shifter which is to vary the relative phase angle between the
engine camshaft and the sampling system enabling the shift of timing
during the engine operation,
-an air induction unit for controlling the inlet air pressure and K w rate,
-a closed-loop coolant unit including devices for control of its flow rate and
temperature: control thermostat; magnetic valve; water pump, electric heater.
etc., and

.:

.o.



-an exhaust gas system includ;.ig a surge tank where exhaust samples were
taken.

The new coolant system needs more explanation. It was
required to operate the engine for an extensive period before achieving its warm-up
condition. It seemed undesirable to operate the laboratory-built engine for such
repeated periods of time particularly when the system had some unresolved design
problems including various sto-' items from various sources of which mutual com-
patibility was not established. In order to minimize the warm-up period, a separate
heating unit was employed to heat the coolant and to circulate it through the engine
so that the entire engine block attained an elevated temperature before the firing of
the engine.

APPENDIX-I1

DEVELOPMENT OF SAMPLING PROBE

When the research proposal for the present work was
submitted, the principal investigator found more than thirty major technical papers
prepared (as early as the 1920s) reporting results obtained by using in-cylinder sam-
piing probes for engine studies. Some more papers appeared since then to add to the
archives of the sampling method. The sampling valves used in those studies were
mostly of the intermittent flow-type where the sampling hole is kept normally
closed and rapidly opened for a short period of time to take a small amount of in-
cylinder gas volume at the desired time of sampling. This type of valves were con-
sidered to have some problems in obtaining reliable sample compositions (Zvonov
et al., 1968; Whitehouse et al., 1977) due to the quenched layer which might exist in
the close vicinity of the sampling hole. In an attempt to minimize such a potentially
severe problem, Rhee et al. (1978) developed a new continuous sampling system.

The new system employs a continuous stream of in-cylinder gas
flow through the sampling hole (Fig A-4). The flow is rapidly diverted for a short
period of time to sample volume for the subsequent analysis. Briefly mentioning the
operation of the new system, a flow passing through the orifice in the probe (Fig A-
4 (A)) is normally connected to a large (waste gas) section of the oscillation tube
(Fig A-4 (C)) which is placed in the probe under spring load. When the sample is to
be obtained, the sampling tube is rapidly rotated through a sectoral range as indi-
cated by the broken lines in the figure. During this period the sampling hole is
briefly swept by the sample tube by taking a small amount of gas out of the con-
tinuous flow stream. The sampling in the next cycle is made by moving the oscilla-
tion tube in the opposite direction for a new sampling. This actuation motion of the
tube was made by using a hydraulic piston-cylinder unit controlled by a four-gate
valve that was operated in phase of the phase shifter connected to the engine (Fig
A-5). The hydraulic force was provided from a separate high-pressure accumulator.

Of more significance, the new system constructed in the cur-
rent study was to include the dilution tube in the sample tube so that a dilution gas

, having a non-combustion product trace-gas is injected into the sample tube for
quenching any physical and chemical reactions that potentially take place in the
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system. Due to the limited resources, only one student was assigned to the ex-
perimental work (further, there were unexpectedly large amounts of work needed in
the engine construction) so that the usefulness of the new sampling system has not
yet been evaluated. It will be very interesting to systematically evaluate the new
system in an engine in our continuing study,

APPENDIX-Il

HEAT TRANSFER PROBES

There have been two views of heat transfer, in particular
radiation heat transfer, that potentially determines diesel economy: "Since the com-
bustion flame in the diesel engine is luminous (but not in the SI engine), it has been
speculated for many years that radiation heat loss may be an important factor of
diesel economy" (Obert, 1973). This view has the same emphasis of the portion of
radiation out of the total in-cylinder heat radiation as that by Ebersole et al. (1963)
who reported that the portion by radiative process was as high as 40% of the total
measured. On the other hand, Amann (1980) reported his computation suggesting
that the improvement in thermal efficiency might be only a few percent with up to
85% of recovery in heat loss through the water jacket and lubricating system of
diesel engines. This view is supported by a second law analysis of an engine by
Primus, et al. (1984). Although more data on radiation heat transfer is neededfor a
better evaluation of its impact on engine economy since the loss through the radia-
tive process when the compression ratio is very high, the importance of the heat
transfer clearly resides in the thermal loading of engine components of the combus-
tion chamber. Particularly since the radiative heat transfer is highly direction-
dependent and since the fate of critical components of the advanced engines, are
affected by the thermal load, the further study of heat transfer analysis is
warranted.

The basic details of the present probes are the same as the
original design as shown in Fig A-6. The Figure shows the probes mounted in the
cylinder head: one is to measure the total (convective plus radiative) heat transfer
and the other is to measure the portion of radiative heat transfer through the com-
bustion chamber wall. The measurement of the radiative portion of heat transfer
was to be obtained by eliminating the convective portion out of the total heat
transfer. The detector is ASEA double thermocouples which enable measurement of
unsteady heat flow with rising time of up to 2 microseconds. The main weakness of
this method are that there are soot fouling formation on the window and that the
recessed mount of the probe needs a proper evaluation of its geometric factor. The
evaluation of the geometric factor was attempted by using the flash bulb technique.
The method is to employ flash bulbs used in photography that produces a relatively
strong radiation with designated intensities by the manufacturers. After several
trials by using a bench rig, this method was found unsuitable due to the excessive
variation of radiation intensity of the flash bulbs overtaking the effect of the
recessed mount.

Consequently, we decided to directly evaluate the effects in
the engine as Ebersole et al. (1963). Some engine measurements were made by using



the probe in the engine, which need further processing prior to analysis. This task
has not been made because of the following reason. While the construction of the
engine setup and the sampling probe was carried out by a graduate student (J.
Matonick) (note that the remaining graduate assistantship was given to S.L. Chang
for the computational work), the investigation of heat transfer was conducted by
another student (C. Sheft) on a Departmental support. At the time of writing the
thesis, C. Sheft accepted a job offer from industry and decided to complete the
work, which is being carried out.

:3
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Computation of Radiation Heat
Transfer in Diesel Combustion

-Im

S. L. Chang and K. T. Rhea
Dept. of Mechanical ano Aerospace Engrg.

Rutgers Univ.

- ABSTRACT in spite of the high fuel economy of diesel oow-
ered vehicles, there is a consensus that it can

A theoretical model of radiation heat trans- be further improved. Since the conventional die-
fer has been developed. A computation of radia- sel engines reject as much as 40% of the total
tion heat flux at a particular location in the energy produced by the combustion reaction to the
combustion chamber by using the present model cooling and lubrication system, one is interested
requires in-cylinder time- and space-resolved in reducing the heat loss for improving the en-
species data and cylinder pressure. From the gine system. Unlike the premixed spark-ignition
species data, the burned fuel/air ratio distri- engines, the flames in diesel combustion are
bution is inferred to compute space-resolved highly luminous. Although it varies from engine
adiabatic flame temperature. For the computation to engine, the portion of radiation heat loss out
of the spectral emissivity of an isothermal vol- of the total heat transfer in diesel engines has
ume of adiabatic temperature containing soot, the been reported to range up to 30% or more (2-5).
Rayleigh-limit expression is used. The refrac- Owing to the fact that the concentration of the
tion indices in the expression are obtained by particulates appearing in the combustion flame is
using the dispersion equations based on the elec- closely related to its radiation heat emission,
tronic theory encompassing both free and bound without mentioning other complex processes af-
electrons. For the spectral emissivity from the fecting the efficiency, the laxge amount of smoke
gaseous component in the volume, the semi-empiri- appearing in the exhaust, therefore, may suggest
cal band model is used. A parametric analysis of a negative sign in diesel economy.
radiation heat transfer in diesel combustion is Regarding the engine improvement, it was
made by using the present model; a prediction by suggested (6) the thermal efficiency of diesel
the model qualitatively compares with some of the engines would gain a mere few percent with up to
reported experimental data. 85% of recovery in heat loss through the water

jacket and lubrication system of diesel engines
by insulating the combustion chamber. The insul-

INTRODUCTION ation was proposed to achieve, by using ceramic
components in the engine, an adiabatic engine

concept (7). A successful development of in ac'.-The diesel combustion engine produces high cnet() ucsfldvlpeto n i
abatic diesel engine will eliminate the cumber-

power output per unit volume of fuel. Because of
the ever growing shortage of petroleum, the die- some engine cooling system, e.g., the water -aci-
sel engine has been recognized to be a more im- et and the radiator making the system more :om-

portant means for transportation, which is well pact and tidy, in additional factor in improving
fuel economy (8). A prototype engine of the :,di-

reflected in the recent increased number of die- abti concep hA ea ic fue cdn- psel ngin-powred ehicesabatic concept has exhibited a specific fuel c~n- '
sel engine-powered vehicles. sumption rate of 0.28 lb/hp-hr (3). Furthermore.
sel One of the concerns in the wide use of die- when a turbocharger is combined with the idiabat-
slengines is the emission of diesel smoke (or ic engine (as a 'Compound engine"), the overallA.

particulate). The diesel smoke not only looks It heine will en increae '1, fl
bad, but also contains polynuclear aromatic hy- efficiency ofIt appears to be clear that the detailed
drocarbon, some of which are known to cause muta- understanding of heat transfer in diesel combus
genic actions on living cells (l)*. In addition, tion, a precondition in the improvement ot Jiese.

engines in various isoects. requires extensive
e parenthesis designate references at information as to the in-cvlinder snecies distri-

end of paper. bution during the reaction period. In )rder to:
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0096-736X/84/9203-1 002502.50

Copyright 1984 Society of Automotive Engineers. Inc.

\ € " " "" " : - " :-," :" - " " ' : " """ " ' " " " . . . . -" . . . . . . " " .



I
help meet such needs, research of diesel combus- Similarly, the emissivity of gases, Eg, can
tion has been conducted at Rutgers, The State be shown by using the volumetric absorptance of
University of New Jersey. The study is to inves- gases, <g,
tigate the processes of diesel particulate for-
mation and radiation heat transfer in direct in- -< L
jection-type diesel engines by achieving the 1 - e g

following objectives: (1) to obtain time- and g
space-resolved gaseous and particulate concen- Since it is assumed that the total absorp-
tration in direct injection-type diesel engine tion coefficient, , is the sun of and
combustion, (2) to measure instantaneous heat <
transfer (convective and radiative, respective- one may write the emissivity of the combined ra-

ly) through the combustion chamber wall, and (3) diation, r, as,
to identify the relationship of the in-cylinder
species concentrations to the radiative heat s g

transfer by constructing a theoretical radiation
heat transfer model. The present paper reports Therefore, the radiation energy streaming
the theoretical model of radiation heat transfer away from the volume, B, by knowing its tempera-
developed during the course of the above men- ture, T, can be found as,
tioned diesel combustion research. A computation
of radiation heat transfer in diesel combustion B 4  (2)
by using the present model requires the in-cylin-
der species distribution and cylinder pressure. where, c is the Stefan-Boltzman constant.

The incident radiation flux, H, on a partic-
APPROACH OF THEORETICAL MODEL ular detecting area, Ad, originated from the

Among in-cylinder information needed in the emitting source area, Ae, can be expressed as,

computation of the radiative energy incident over 4

particular location of the diesel combustion H F zT (3)
chamber wall are the distribution of species and d e d
temperature, pressure, and geometric factor. In
the computation, it is necessary to find the where, F is the geometric factor from A to
time-resolved spectral absorption coefficient of e de

each volume of combustion products throughout the Ad"
chamber, since the reaction process is highly Integrating over the entire emitting source,
nonuniform in nature with both location and time. one can find the total radiation energy incident

Since Kunitomo et al. (10) reported a model on the detecting area, that is,
to predict radiation heat flux in diesel combus-
tion that employed a gray body of gaseous and H A F d
particulate mixtures with a uniform concentration Hd e A d A 7"d

so as to exclude the geometric factor, much re-
search has been carried out on radiation heat
transfer of flames enabling a more extensive com- reported by usino the prent m i ois

putation: the in-cylinder sampling of diesel nt a rt i vt,
combustion shed a light to offer in-depth species
information in the combustion chamber (11,12); a ''= HA *T (5)
comprehensive technique was proposed to compute a

thermal radiation by gaseous mixture (13 ; the
method of computing the optical constants of soot where, T is arbitrarily chosen to be 2400'K.
mixture has greatly been improved (14,15); the r
computation of chemical equilibrium properties of COMPUTATIONAL DETAILS
combustion becomes feasible (16,17,18).

The present model is an attempt to combine The details of the computational steps and
those improved techniques for the computation of assumptions of the methodology outlined above are
radiation energy incident over individual loca- explained for the following items: (I) the tem-

tions of the combustion chamber wall. In the perature of each mixture volume. (2) the soot
computation, the radiation from a small isother- radiation, (3) the gas radiation and (-) a compu-
mal volume of combustion products is assumed to ration of radiation heat transfer in diesel com-
be the superimposed result of the emissions from bustion.
soot and gaseous mixtures without mutual inter- Adiabatic Flame Temperature - he tempera-
ference. The emissivity of soot, -s' may be ex- ture of a designated volume of in-cvlinder mix-
pressed in terms of the volumetric absor-tance ture was assumed to attain the adiabatic 'lame
of soot, <,, and the optical length, L, deter- temperature which c:an he computed by usino the
mined by the size of the volume, as follows, species distribution which may be )btained either

theoretically or .xperlmentallv,. i addition,
-- * the entity in the v:olume is issumed tc he it. in

. = I - e eouilibrium )f -he temperature ind 2ressure.

3.1003
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Besides fuels, eleven gaseous species were in- of the soot, and fv is the soot volume fraction.

cluded in the computations of the adiabatic flame The above expression to employ dispersion

temperature and the equilibrium composition by equations based on the classical electronic

using the burned fuel/air ratio inferred from the theory (14,15) was used in the present computa-

species distribution. Although such computations tion. According to the experimental results,

have been widely employed by others for flame the complex optical constants (n-ink) in Eq. (7)

studies in the past (16,17), the present paper vary with the wavelength as shown in Table I.

offers a new technique of their computations that
greatly reduce the computer time. The details of Table I: Optical Constants of Soot (14)

the computation and the new iteration technique

are shown in Appendix I. Acetylene Soot Propane Soot a

Soot Radiation - The thermal radiation of (H/C=l/14.7) (H/C=1/4.6)

soot in diesel combustion is the combined result (um) n nk n nk
of the emission, absorption, and scattering of

soot particles. Since, according to Planck's 0.4358 1.56 0.46 1.57 0.46

function, the main portion of the thermal emis- 0.45 1.56 0.48 1.56 0.50

sion from the soot is infrared, i.e., in the 0.55 1.56 0.46 1.57 0.53
range of wavelength, X = 1-10um, the present Com- 0.65 1.57 0.44 1.56 0.52

putation considers the corresponding range of 0.8065 1.57 0.46 1.57 0.49

wavelength. Regarding the absorption, if the 2.5 2.31 1.26 2.04 1.15

designated volume of mixture attains a thermal 3.0 2.62 1.62 2.21 1.23

equilibrium, the absorption of the radiation can 4.0 2.74 1.64 2.38 1.44

be determined by the Kirchhoff principle which 6.0 3.22 1.34 2.62 1.67

states that the spectral volume absorption coef- 10.0 4.80 3.82 3.48 2.46

ficient is exactly equal to the spectral volume

emissivity for a system in a thermal equilibrium Dalzell and Sarafim (14) suggested that the

with its surroundings. In the present paper, for optical constants of different soot mav depend,

convenience, the absorption coefficient is used to a small extent, on difference in molecular

instead of the volume emissivity or absorptivity. structure and, to a large extent, on the differ-

Discussing the scattering, Kunitomo (19) reported ences in the ratio of hydrogen to carbon mole-

that the great majority of diesel exhaust par- cules (H/C). Note that the H/C of the soot in

ticulate was so small that their scattering af- most combustion systems is found to fall between

fected less than 1% at a photon wavelength of lur che two extremes as shown in the table. As for"

and considerably less at a larger wavelength, the temperature dependency, it was found that the

Assuming that the in-cylinder soot size distribu- optical constants were insensitive to temperature

tion is in the similar range of that in the ex- (14,15). In providing a basis for interpolating

haust, which was supported by a recent experi- the results of the table, a dispersion model was

mental study (20), the scattering of soot is found to fit the data bv choosing the appropriate

neglected in the thermal radiation of diesel parametric constants (14). More details of the
combustion. use of the dispersion equation for finding the

With the above assumptions, the soot radia- optical constants are shown in Appendix II.

tion is computed in the following sequence: (1) Upon the given values of fuel air ratio 3nd

to formulate the spectral emissivity of the soot fv, the spectral emissivit: of soot. -:~. or a

s (2) to find the spectral absorption coef- volume can be determined by isinp the ibove men-

ficient, <s , which is related to the refraction tioned ootical constants of the ioot. From Lhe

index of the soot, and (3) to compute the soot definition, the soot emissivit., -," ;s expressed

emissivity. as,

As explained earlier, the spectral absorp-

tion coefficients can be found from the following E I s, (bT

relationship, 
o b,

where, Eb,(T) is the Planck's radiation unction

I SA (6)I
SA

2-hc"
E (T)

Since the median size of soot is in the bT e h5

range of O.lum (21,22), which is approximately

one tenth of infrared wavelength, <, may be 2.998 x lV'
0 

cm/sec.

found using the following Rayleigh-limit expres- 
."

sion (21).= 1.380 x 0
- 16  erg, K, Ind

36n2(-' )f 2 n. 25 x lo
-
'
7  

erJ Sec .
< (7)

4 s* [n'(I-k-)+2 +4n k"
;uostituttng Eq. ' into ccj. r , tt itLn ,

where, n and nk ire the complex refraction indices
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. C L where,

E 1 e E (T)d/oT 4 (9)
S(3,a,x) e (n+a)x

Many researchers (23-26) attempted to find n-l (16)
the solution to Eq. (9) by assuming a simple ex-
pression of the spectral absorption coefficient 3
as, L il)(n+a) x ...

O v / d  i .
KX f /X(10) adFi h

S(v and r is the gamma function defined as F(m + 1) =
m • r(m) and F(l) = i.

where, <. is a constant independent of tempera- By using the above solution, the soot emis-
ture and d is chosen to be close to 1. sivity of an isothermal volume at a given temper-

Although this enabled one to further simpli- ature can be found as,
fy Eq. (9) to obtain an integral equation con-
taining the hexagamma function (24,27), the final 15
result was calculated by numerical means. C -4 [S(3,aiX S(3,a x )(17)

2.1 ii+lEven though their method was relatively ' i1
simple and widely used, a better technique to
find an exact solution of Eq. (9) has been de- Gas Radiation - Although there are many
veloped in the present work. Since the refrac- gaseous species in flames, carbon dioxide and
tion indices are almost constant in each sub- water vapor are reported to be mainly responsible
interval of the entire integration range, the for the thermal radiation (10,24,29). Therefore,
solution to Eq. (9) can be found as a closed-form these two species were only considered in the
by using the following variable transformation present model. The gas radiation, depending upon P

method. In order to replace the temperature and the molecular structure, has several blocks of
wavelength variables in Eq. (9), a new dimension- the lines in the spectra of soot. By averaging
less variable x is defined as follows, over the wave number of each block, a continuous

distribution of the emission (or absorption) co-
x - hc/XKT (11) efficient, which is also called a band, can be

computed by assuming that waves outside these
To obtain a tidy expression, another parameter, bands neither emitted or absorbed.
a, is given as, The major bands of both gases occur, for

water vapor, of the principal vibration-rotational

36inn2k bands at 1.38um, 1.87um, 2.
7 um, and 6.3um and of

a f L !- (12) a weak rotational band at 20um; for carbon diox-
[n _-nk'+21+4n k  ide, of the principal bands at 1.9um, 2. ",

4.3um, and 1Sum, and of the two minor bands at
Equation (9), then, can be expressed in 9.4um, l0.4um. There are two overlapping bands

terms of x and a as, at 2.7um; one is from water vapor and the other
from carbon dioxide.

3 Bv definition, the spectral band absorptanc-,
1- xe dx (13) xa, of an isothermal volume is written in a simi-5 44 0 eX_l lar form of Eq. (6) as,

or in the following numerical integration form, I = - exp(- L) (18)

15 I xi+l -ai x where, is the wave number, L is the opticals -X_ length, and <,, is the volume absorption coeffi-

xi cient of the gas.

The experimental results (30-33) exhibited
where, M is the number of the intervals in the the distribution of the spectral absorption coef-
whole integral range and ai is the parameter a ficient to be rather irregular so that a general
of the ith interval. expression of the radiation bands is unavailable.

The solution of the integral in Eq. (14) has For practical applications, several models have
been found by using a unique method developed by been proposed to fit the experimental data. of
the authors (28). Without showing the procedure, those, the wide band model proposed by Edwards
the exact solution is given as follows, and Balakrishnan (13) was employed in the present

work. The model assumes a block approximation
a x  3 that calls for black-body in the bands and is

e - dx - S(3,a.,x.) transparent otherwise. The total band ibsorbence.x x

i e -L Ai , which is band width of the ith band, is de-
fined as,

-S(3,a ,x (15) A. = IQ

- - - - - -- - - - --

• ''.'- ' ".". '". ,-i"' " ' ''. ... ... . , .. ,% , ., .,.. , , . . . ..- ,-% ,. , , ,, , .j % ,,,
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where, vi is the wave number at the center of Table III:
the ith band. Ranges of HiO amd CO2 Emission Band

The model provides, for each band of the
gas radiation, a semiempirical correlation of H20 Bands VI  'u

the integrated band intensity, a, the band width W (cm
-
1
)  

(cm
- I )  

(cm
- I )

parameter 0 the line width parameter, B, and

the effective pressure, Pe" The use of these 20 0
parameters for finding A is shown later in Table 6.3 1600
II, and computation of each parameter is shown 2.7 3760
in the following. 1.87 5350

The effective pressure, Pe, which is re- 1.38 7250
sponsible for the pressure broadening effect, is
written as, C02 1

N15 667

P = [P/P + (P./P Xb- ) ]N  (20) 10.4 960
e 0 i o 9.4 10604.3 2410"-

where, P0 is one atmosphere, P is the cylinder 2.7 3660

pressure of the engine, Pi is the partial pres- 2

sure of the absorbing gas, and b,N are the self- 2.0 5200

broadening coefficients given in Appendix III.

The computation of several band parameters The range of integration for each band is shown

(e.g., integrated band intensity and band width in Table III. For the case of a nonoverlapped
parameters) needed in the computation of the band band, if the lower or upper bound of the band is
absorptance is explained in Appendix III. given, the other bound can be found by

By knowing the gas density, o, optical

length, L, and the above mentioned band para- u - Ai 22

meters, a set of universal band absorption cor-

relations can be found for the computation of the
tota aborpanceAiof he th gs rdiaion If the center of the band, jc,i, is given (Table

total absorptanceAi, of the ith gas radiation III), both upper and lower bound wave number can

band. Table II shows the correlations, which

relate the dimensionless integrated band absoro- be calculated by

tance,A* - A/Ao , to the optical depth parameter,0 1 = \) + A./2 (23)
r = aoL/A o, and the effective pressure parameter, u,i c,i i

V . = v - A./2 (24)
Table II: Band Absorption Correlations (13) l,i Ci A

After all, the gas emissivity of ith band
I min max whose range is xl, i < x < X, i can be expressed

(1 0 as follows.

1/n (4nr)1/2 E . = 15 [S(3,0,x] S(3.0.x .) 25,- g~i 4 ,i
)  

- S(3 ,ui)] (5

I/ P ln(nT) + 2 - where,

> 1 0 1

S(3,0,x) = -nx

I + InT n=L

where, r a oL/A o, n = 
3
P., and A* - A/A0 . Note 3-i(3+)

that the line width parameter, B, and the band L i+i n 7(3-i+I)
width parameter, Ao , are found as explained in

Appendix A-Ill. The gas emissivitv of an isothermal gas

Since the gas emissivity in the bands is volume at a flame temperature, T, and pressure,
assumed to be unity while outside the band is

zero, the gas emissivity of the ith band may be a. can be deter by ung trdiation o
all bands of water vapor and carbon dioxide, i.e.,expressed in a dimensionless variable, x,

15 x 
3  g -g,i

= 15 dx (21)

Jg,i - band i eX-I The emissivitv of the combined radiation
obtained by introducing Eqs. (17) ind 2t) in Kco.

where, x = hc-j/KT. (1).
The exact solution of Eq. (21) can be found Computation of Radiation Heat Transfer in

by using a similar method employed for Eq. (13). Diesel Combustion For a parametric :on'.Dutaton

*% %
- .* .* * : - * * . -. . . . . . . . - . . . . . . . .
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Figure 1. Normalized Distribution of Burned Fuel/Air Ratio and Soot Volume '

Fraction in (A) Radial Direction and (B) Angular Direction.

of radiation heat transfer in diesel combustion, -a3 -o

-- br

several assumptions were taken as listed below. f - f 0e e (_27)'
()Tesystem of which size is small buto!
large enough to represent the local vol- where, r, -1 are the radius and angular coordi- '
ume of mixture is isolated allowing no nares, to, a, and b are to be determined from i
heat and work flow across the boundaries. experimental data.

(2) The gaseous species in the system attain ,
an equilibrium state of the adiabatic _R-r _71 Probr- °e
flame temperature determined by the : "1'

local burned 4uel/air ratio and cylinder F
. pressure. m fnnVoume

"(3) The radiation source is a 2-dimensional
surface with prescribed optical length.

S(4) The fuel/air ratio, soot volume fraction, / Sect 1
and gas species concentration are avail-,/

~~able enabling construction of the 2-/.
dimensional radiation source. / , _

As to the assumption of isolated system, the \

system receives the piston work while it loses sect
energy through radiation, this mutual compensa- "
tion ,mav partially justify the assumption. Al- "Sect I
though the 'processes in diesel combustion occur
at highly non-equilibrium states, the system vol-

• 04

,ime was chosen to be small and to attain an equi-/
librium for simplicityi of computation. Since the
optical length is varied over the source, the 2-
dimensional emission source was considered to IStV

represent the emission characteristics of the in-
cvlinder mixture volume. Note a study to con-
struct a 3-dimensional model to eliminate this
assumption is under way. Although in-cylinder
species information will be obtained either ex- -
perimentally or theoretically, the present compu- -4

tation was carried out for assumed distributions
of species. The distributions of the burned 'ueh
air ratio and soot concentration assumed .',r the

"present parametric study 3howed that they de- Figure 2. 'wo-)itmensiona : idation F:mizztln' _ordc--

creased exoonentiallv ilonv the radial direction
and held a normal distribution in the in4u!iar :n )r/er -_) _:)mr~~let e '3MD,;r I' !,'T, I -u
direction 'F K I he non-dimensional fo)rm t ;a he w,i . ' '''l i , :. "

the distribution, ma, '); e expressed is )1 )ws, i- imenslni - l l' r ,' :'' :. ,

0

-* '9 " " " ." -- . - ."-'- -"- " -" -" - ' " " " " . '- "-. :"
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sectors according to the fuel plume position. o' fvo are the mean values of the fuel volume
Each sector is divided into n rings with a uni- fraction of stoichiometric and soot volume frac-
form width, and each ring is again cut into equi- tion in the combustion chamber, respectively.
size cells. By setting a nodal point at the Among the parameters varied in the computa-
center of each cell, one obtains n

2 
nodals with tion were the position of detection surface on

the same area in a sector. In each nodal point, the cylinder head, the mean burned equivalence
the fuel/air ratio, gas species concentration, ratio, the mean soot volume fraction, and the

soot volume fraction, and optical length were clearance between the emitting surface and the
specified according to Eq. (27). cylinder head, and the cylinder pressure. Some

Upon the implementation of the above numeri- of the results from the computation are shown in
cal scheme, a computer program became available the following. Note that, for comparison pur-
for computation of radiation heat flux incident poses, the results are expressed in apparent
on any location in the cylinder head. Table IV emissivity (this will be represented by AE here-
shows nineteen subroutines included in the pro- after) defined in Eq. (5) instead of the heat
gram in addition to the main program. flux. "

Location of Detector - The radiation heat-,
Table IV. Subroutines for Various Computations flux incident on different locations of the cyl-

inder head was computed. The AE at different
sSubject of Computation locations along r-direction and over 9-direction

AFT Adiabatic flame temperature are shown in Figs. 3 and 4, respectively. The AE

HEAT Enthalpies of species monotonously decreases in the positive r-direc-
EQSTAT Equilibrium state composition tion, and holds a bell-shaped profile over the
EQCON Gibbs free energy 9-direction. Although expected, it is interesting
ROOT Positive real root of 2nd or 3rd order LO find such non-uniformity of AE over the cylin-

algebraic eq. in EQSTAT der head. The variation is much greater over the
FACT Gamma function values 3-direction than the r-direction. The distribu-
RA Combined radiation heat flux tion of AE is quite similar to those of burned
SFACT Geometric factor fuel/air ratio, species concentration projected
POINTER Interpolation procedure in EOCON on the cylinder head, which is not a surprising
POINTER1 Interpolation procedure in HEAT result since the radiation heat flux is strongly
SOOT Soot emissivity dependent on those distributions. This suggests
OPTI Optical constants of soot by Eq. (Al5) that the present model may help evaluate the
SERIES Integration of Eq. (16) thermal load of a new engine head once the engine
GAS Gas emissivity fuel injector and combustion characteristics are
CHIWHI f and t defined in Eqs. (A17) & (A20) predicted or given. The bell-shaped distribution
BANDA Integrated band absorptance-Table III of AE over the 9-direction indicates that the AE
Al Integrated band absorptance-Table III at a particular location is almost entirely dic-
AH20 Evaluate the emission band positions tated by the fuel plume right underneath. This

of H,0 is mainly due to the small clearance, z, between
ACO Evaluate the emission band positions the cylinder head and the emitting source and its

of CO 2  further analysis is followed in the next.
Location of Emitting Plain - Since the

PARAMETRIC STUDY OF RADIATION HEAT TRANSFER diesel combustion products move away trom the

cylinder head as the piston descends, it is im-
The construction of the present model of portant to evaluate the AE for different clear-

radiation heat transfer has enabled a parametric ances between the cylinder head ind the emitting

analysis of its processes in diesel combustion, plain, z. Figure 5 exhibits some interesting
Several assumptions were employed in the analysis, results. For smaller z, the AE of locations close

(1) The detection surface of which incident to the axis of the plume is greater and more rap-
radiation heat flux is computed is paral- idly decreases in the S-direction; the AE there-
lel with the emitting surface so that the fore attains greater values for greater z it tne
shape factor can be explicitly expressed. locations far from the axis. This is explained

(2) There are four plumes of pie shape with by the larger value of the shape 'actor for great-
a uniform optical length of 10 mm over er z.
the emitting surface. Position of plumes - In the above analv-

(3) The fuel volume fraction of stoichio- ses, it was found that the radiation heat flux
metric, D, and soot volume fraction, fv, incident on a location is stronglv affected by
have profiles in the plume is expressed the plume right below. Figure n shows the evalu-
in the following equations. ation of the contribution by the spray plumes ,n

the AE at locations ilonv r,:R = 2 nd z.R =

= 2.433 expI-i.)( I exp(-O.Sr/R) (28) 3' O .over the '--direction. The \E due to tie

0 0 plume right under the detector it i.

f =f2.3 3 ,exp[-L.SY'- exp(-O.Sr:R 29) while the AE due to ill other plumes is )n..
O e 0.0026. This reaffirms that the AE of i mnrt-c i-

lar location is ilmost entirel controlle: iv to
where, - is /4, R is the cylinder radius, ind nearest sprav plume.

%.
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Soot Concentration - Since the representa- increases with soot concentration as expected.
tive in-cylinder soot data are not presently However, it is interesting to find that the ers-
available, the effect of soot volume fraction, sivity does not proportionally increase witn t:,e
fv, on the AE was analyzed by using various soot concentration. The increment of the AE is
values of fv arbitrarily chosen but within 5 to larger at lower concentration range if f, -in
100 times greater than the reported exhaust fv. vice versa. The partial reason for the conver-

This is consistent with reports by Aoyagi et al. gence of AE at high soot concentration is Iue to
(12) who suggested that the amount of soot per the exponential function in the relationshin of
exhaust gas volume is approximately 1/40 of the the emissivity and the absorption coefficient is
amount of soot per cylinder volume and by shown in Eq. (6).
Kittleson and Du (20) who measured to find that Soot and Cass Radiation - .Aithoueh it has
the amount of soot in the exhaust is approxi- often been mentioned in literature 37) that the
matelv 1/3 if the total soot appearing in the high Luminosity of soot flames in lieseL combus-
cylinder. 'he mutual consistencv stands since tion is responsible for the iieseL raciatlon ieat
the volume of the soot at "DC is expected to be loss, only i limited e'.'aliation 3as ieen seonr-
ioproximatel' I . of that in the exnaust. Figure atel,: made in the :ontr-bution Ln AE -)v i Ot in.:
* shows the AE of 1 letecting area ver the .- gas ,of comustion ircoct.; ie rmDstn.
Iirection with r'R = , . z/R = ,'0. 7he AE Figure s shows the .s -v ,)ot in i s mixtory

. . - ., . ... , ,, , . .:. . : . - .. .. . .. ... . . . . . - . , . . . . . . . . . .- .. . . .- ., -: ., . .. . . . .e• -: ..7_ - , • ..C. ,
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0. e for seeminl'; 3 "'pical diesel tomus- pressure effect 01n te hermaL radiation in he

.ion :ondition. 7he total AE which results from combustion chamber. 7he inalvsis was -nade with-

7)oth soot -and gas is found almost entireilv aused out including the modification Of fuel spray ind_

by the soot i., flames, i.e., the gas radiation atomization iffected -)v pressure. 7he -omDuta-

in diesel combustion is extremely small compared tion was made or piumes with a hiigh sooc -:oncen-

to the soot radiation. This ,av suggest hat the tration fv , 4"i
O n  

nd with low conenro-i

radiation heat loss from ?remixed gas, Line-fueled tion (,v 
=  

'J*10-7) as shown in Figs. I ino 0

engine combustion is negligible. Note that the respectively. 'The results suggest that "or hi~n

present result suggesting the gas radiation to be soot concentration flames the pressure er-f-ect n

a mere fractional contribution on the total radi- the AE is almost negligible. Since the tlime

ation is considerably different from those com- temperature is very insensitive to -thv nressiur,,

puted bv Kuniromo ec al. (10). Their results variation, .he results indicice no et'ect )n .

predicted that the gas radiation ranged between s;oot radiation. In Fig. I0 :oiottini *or i ,,w
20)" to 50% of the combined radiation. The -s- soot radiation, the pressure etect )n t. e

crepancy b etween the Present results ind their remarkable, which suggests chat there exi. t .

results may be caused by the differences in the pressure broadening etfe-t ,)r ihe as ro~~r
computation. in diesel Sombustion. ;oe, however, t ,

Pressure Eff'ect -- Because Of Lhe inher- impact Of che pressure broaideninv in i t'.'ni, 1

ently high pressure reaction condition Of" diesei ,iiesel ,:ombu1st~on conaition is:aunu "'ic.),

combustion, it may ne important to Look into the

p'
7

Qut.
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Radiation Heat Loss in Diesel Combustion - experimental data for the comparison was :ne

Due to the lack of in-cylinder particulate and variety in measurement techniques, measurement

gaseous species data, the present parametric locations in the cylinder, engine Derut:z -

study was limited for an engine crank angle, al- dition, types of engine chosen for :h rev:t:.s

though the new model can be employed for the data acquisition, etc. (2,36,38,39). : '
evaluation of the entire period of combustion. tial" radiation heat transfer 4ata reocrt,

A computation was made, however, for a limited Flynn et al. (1972) were chosen fcr :n e

portion of the combustion period by using a set discussion since their data di: not -.n- ,

of in-cylinder data arbitrarily chosen but close emissivity of the detector. 7he samre :at

to real based on the following assumptions. (1) in Fig. 11 were used to compute the DDt. i-

The cylinder pressure increases with engine crank thickness, KL, to compare with Finn's

angle until 8CA after top dead center (TDC) and that since the apparent optical tn:cKness
decreases thereafter. (2) The soot volume frac- ported by them were computed oased )n t>± 7,--

tion increases with crank angle but starts to ured apparent radiation temperature, 3n

decrease 16*CA after TDC. The relationship of ment was made on two sets of data it

fv to CA was chosen to be identical to that of injection timing to achieve a more -

heat release rate to CA based on the experimental comparison with the present resuts.

findings reported by Kitcleson and Du (20). They Even with the above mentionea ci:c':: ,-
found that the amount of in-cylinder soot almost interesting notes may be drawn fron :7e

exactly followed the heat release rate to CA his- son. The prediction is lower than -ne;-::-

tory. (3) The burned fuel/air ratio continuously ments by a factor of 2-. Among prooao- 7- "

increases during the period of combustion. (4) for the prediction of low optical cness -i-

The optical length is assumed to be 10mm over be the substantially greater optical -e ::.

the entire emitting surface with varying species in their measurement than the present Dnc.

concentration. The combined AE (due to soot and ever, it is encouraging to find that te

gases), c, and gas AE, g,. computed by using the predicted KL relationship to CA compares well

above input for a detecting area at r.R = 1,2 and with that from the experiment. ,hen toe .n-

= 0 are shown in Fig. 11. It is interesting to c:linder radiation heat flux data become ivii-

find the AE is very low prior to 13O
0
CA while f, able from the present ongoing stud., che -noce

is relatively high and vice versa after 190°CA. will be further analyzed for the yericatI n.

This may be explained in terms of temperature

that is dictated by the burned fuel/air ratio. SUM.ARY

Again, it is predicted that the gas AE is a neg-
ligible portion of the combined AE in diesel com- A new radiation heat transfer mode-

bustion. sel combustion has been developed. 'se if the

Comparison with Other Reports - The pres- present model requires in-cylinder information is

ent model will not be compared with other models to time- and space-resolved particulate and 2as-

(3,10) since they did not report the in-cylinder eous species and pressure-time data.
species data and the computation of space-re- The model emplovs, for the emissivitv )1

solved heat flux in diesel combustion. However, volume gases containing soot, Ravlei~h-limit ox-

a comparison with some experimental results is pression to compute the spectral absorption :oet-

attempted to a limited extent. The main liffi- ficient of soot, the dispersion equations

cultv encountered in the selection if compatible pute the refraction indices included in the

- * . -1 .F.s.t 1.0
r. t , . St..c. .0. 1.0

0 - 0.8 f.0ae(Cc -

a- 0.4-Qi
2  £~

o> 04 0.-4 Q4Z
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Figure l. A Set of :n--.
1
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Rayleigh-limit expression, the band model to ob- 4. Kamel, M. and Watson, N., "Heat Transfer
tain the spectral band absorptance of gaseous in the Indirect Injection Diesel Engine", SAE

mixture, the adiabatic flame temperature obtained Paper 790826, 1979.
based on the burned fuel/air ratio, and for the 5. Murphy, M.J., Hillenbrand, L.J., Tray-
computation including the geometric consideration ser, D.A., and Wasser, J.H., "Assessment of Die-
of the combustion system, a numerical scheme in- sel Particulate Control - Direct and Catalytic
cluding the shape factor to integrate over the Oxidation", SAE Paper 810112, 1981.

entire non-uniform emitting source. 6. Amann, C.A., "Why not a New Engine?",
A parametric analysis of the diesel radia- SAE Paper 801428, 1980.

tion heat transfer was carried out by using the 7. Woods, M.E. and Oda, I., "PSZ Ceramics
present model. Among the findings from the anal- for Adiabatic Engine Components", SAE Paper
ysis are: 820429, 1982.

(1) The thermal radiation flux incident on a 8. Bryzik, W. and Kamo, R., "Cummins/TACOM
particular location of the cylinder is Adiabatic Engine", SAE Paper 830314, 1983.
mainly originated from the nearest fuel 9. Wallas, F.J., Kao, W.D., Alexander, A.
plume and very little from other plumes; C., and Cole, M.T., "Thermal Darrier Pistons and

(2) The radiation flux greatly decreases as Their Effects on the Performance of Compound Die-

the clearance between the detecting lo- sel Engine Cycles", SAE Paper 830312, 1983.
cation and the plain of emitting source 10. Kunimoto, T., Matsuoka, K., and Oguri,
increases; T., "Prediction of Radiative Heat Flux in a Die-

(3) The radiation flux is generated mostly sel Engine", SAE Paper 750786, 1975.

due to the presence of soot and negli- 11. Rhee, K.T., Myers, P.S., and Uyehara,
gibly due to the presence of gaseous O.A., "Time- and Space-Resolved Species Determin-
combustion products; ation in Diesel Combustion Using Continuous Flow

(4) The soot radiation increases with the Gas Sampling", SAE Paper 780226, 1978.

soot concentration greatly when the 12. Aoyagi, Y., Kamimoto, T., Matsui, Y.,
average soot concentration is low and and Matsuoka, S., "A Gas Sampling Study on the
vice versa; Formation Processes of Soot and NO in a DI Diesel

(5) There is an obvious pressure broadening Engine", SAE Paper 800254, 1980.
effect on fle gas radiation in diesel 13. Edward, D.K. and Balakrishnan, A.,
combustion. However, its impact on the "Thermal Radiation by Combustion Gases", J. of
combined radiation in diesel combustion Heat Mass Transfer, Vol. 16, pp. 525, 1973.
is negligible; 14. Dalzell, W.H. and Sarofim, A.F., "Opti-

(6) The thermal radiation in the very begin- cal Constants of soot and their application to
ning of the combustion period may be low Heat Flux Calculation", Trans. of ASME, Vol. 9,
due to the low temperature even though pp. 100, 1969.

the soot concentration is potentially 15. Lee, S.C. and Tien, C.L., "Optical
high at the time; and, Constants of soot in Hydrocarbon Flame", 18th

(7) A prediction by the present model qual- Symposium of Combustion, The Combustion Insti-

itatively compares with some of the re- tute, pp. 1159-1165, 1981.

ported experimental data. 16. Gordon, S. and McBride, B.J., "Complex
Chemical equilibrium Calculation", NASA, SP-273,
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ZCO I - e (A4-3) where, P is the cylinder pressure.
Substituting Eqs. (A4) and (A5) into the

above equilibrium constant equations, one obtains
ZH - J/2 - 2 (A4-4) seven simultaneous algebraic equations. In addi-

2 tion, the energy equation of the adiabatic system

ZCO e I  (A4-5) is written as follows.

Z e, (e+e)/2(Zi [(HT 2-HT) + (Hf)T ]iH 2 35 (A4-6) prod.Z :OH e 3 (A4-7) eai Z. [(HT-H T) + (.Hf)TfI j  (A7)

NO e e4  (A4-8) where HT 1 is enthalpy at initial temperature, HT,
is the enthalpy at flame temperature, AHf is the-

H e5 (A4-9) heat of formation at reference temperature Tf,
and Tf is 273*K.

A new iteration scheme was developed 
to find

6  (A410) the adiabatic flame temperature and the equilib-
rium composition by using the above equations and

, e7  (A4-11) reported Kp's and Hf's.
The key of the method is the simplified forms

and of equation after introducing Eqs. (A4) into Eqs.
(A6). They are

Zl 1 = 4.764w(I+J/4) + J/4

+ (e+e 2 e 5 +e 6 +e)/2 (5) 0.5(P-Kp )e3+ (C-C 2 +1Kp2)e-
12 2 5

+ (21C')-0.5I-Kp 2)eI-1' 2  = 0 -A3)

Seven equilibrium constant equations for Eqs. - 1 2

(A2) can be written in those terms defined in Eqs.

(A4) as follows [KP 2 e,+(I-el)Kpl]e 2 - 0.5[JeKp2

p z 0
1 2  

1/2 + (e3 +e5 )(I-eI)Kpl = 0 A9)

(P/Z ) (A6-1)2
I~ alOl (I-l/4Kp3 )e3 + [C3/2-e 5 /4+e 2 /2]Kp~e,

1/2 + (e5/2-e 2 )C3 KP = 0 A

52 2 1/2 2

K - ZH2 (P/Za (A6-2) (l-Kp,/4)e, 0.5(C.+C5Kp he. - = I

(Z~0o K p e 0 e2 eZOH i 02 
-

Kp /2 1I/2 (A6-3) 2
2 2  all - e1 4(e -0.5e 3 ) Kp = )

(Z p ) - + 0. e - [' - l>

Kp OH (A6-4) [(I-e)KP+eKP
6

3P 1I/2 1I/2

zH 0 2  - 05(ee-e3-e )elKp ,

22 03 51/2 (165 1/2Kp;.405~:<* -::

Z -3.764w 3J/4IKp = 0 Al

ZO  1/2
5p6  Z 1/2 (P/Za1 1 ) (26-6) where

20 C1 = [(w-1)(+Ji/.) + e -e_ 3  e

ZN (/2 (1-) [(A.764w-l)(l+J/.i+1+Ii2

Kp7 - Z / l + (e2,+e+e (A6e-/2] Kp

C.."-'

-A. 
A
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C 3 [(w-l)(I+J/4) + (e 1 +e 2 -ed-e 6 )/21 m

2 [l-exp(- 2 ±Xkk] )(T)

C - [(w-1)(l+J/4) + (e +e2-e3-e6)/2]Kp2 a T) = k0 k=l (A16)
4 1l2 3 6 4 0m

and [l-exp(- 7±x 0,kk ] v(T 0 )
k=l O.

C . 3.764w(I+J/4) - e /2.
5 7 where,

A brief inspection of the abpve equations Xk = hck/KT

suggests that if the values of e2 , e3. . . .. . e7  x hcv /KT
are fixed, the value of el can be easily found as Ok k 0

an exact solution of a simple third order alge- T = 100*K
braic equation. Similarly, others can be found 0

in sequence. This is repeated to find a set of
converged values of ei , which are used to find and

the equilibrium composition in Eqs. (A2). The m 7(vk+gk+ k) - kk"
above process is iterated to find a convergence gk e

of the adiabatic flame temperature of the compo- T) k= vk =VO, k  (A
7
)

sitions. (k - (A
2. ?(gkF(V+ ) e

APPENDIX II k=l vVo, k  g)v)
Optical Constants of Soot kOk

By Using Dispersion Equations In the above equations, the statistical

The complex refraction indices of the soot weight gk is unity for the degenerate vibration

are calculated by using the dispersions equations. and the vO k is zero if a plus sign is associated

The dispersion equations that are known to include with 'k in'the upper state (vk+6 I .... Vk+ k ....

the contributions of both free and bound electrons and is k when a minus sign appears. The quan-

are shown as tity i0 had to be determined experimentally (30,
31,33) for each species of the combustion prod-

2F e2ino ucts.
n (1-k

2) 
= c 0 The band width parameter, A0 , is approximatedh 2 2 by (13),

F.(
2  

2 2 A0 = A0 0 (T/To a/2 (Ai8)
(-, )e /m 00

2 22 (Ab15-1)
L 2 2 2 2. 2 where, AO0 is experimentally determined for eachj 3 band.

and The line width parameter, 3, is calculated

2, by (35),

2 F h e/Ime02nlk i/ (
(h 3(T) = 3 0 (To/T) 12 }T7 (A19)(hc* ) 0 (T0 -,

C 0
where,

,(T)
+ Fjh 0 (A15-2)

2 2 2 2 m AI-2"m " xV 92I[ I7(gk) (V +1 )  e,,.

k=l(Vk=Vo k  k
where, Fj is the number of effective electrons k Ok

per unit volume; hj is the electron damping con- (vk -X "
stant; , is the frequency of the radiation; jj 7 ?(gk)(V,+l)

is the natural frequency of the jth electron; e k=1 kv0,k

is the electron charge, 1.602*0-1
9
C, m is the

mass of the electron, 9.1*lO-3lKg; and co is the Two weak bands of H2O require a special

electric permittivity, 8.854*l0-l2C
2
sec

2
/Kg-m3. method of computation as explained in the follow-

Note that the numerical value of each constant is ing.

shown in Table AI. For the inclusion of two weak bands of HO,

the following method was taken in the present com-
APPENDIX III putation. In the comoutation of ind :_. for th.e

Computation of Band Parameters of Gases pure rotational band 0. =  , 2,3), the

following equations were used.
The integrated band intensity of each band

is approximated by (34,35), = A

- .- ,•..- -,•-.%- . %" . . ...- %% . *........% .° - . . .%%%%........ ..
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8(T) , 0(T/T0 2 (A220 _ 3 (A

For the 2.7um H20 band where three overlap- j-1 (A3
ping bands occur, a was found by summing aj(j =
1,2,3) by using Eqs. (A16) and (A17). Values of Table AIII shows the recommended values of

Sj were computed by using Eqs. (A19) and (A20) lo, 80, and AO0 for the major absorption bands of.
and averaged by H20 and CO2 (13).

Table Al. The Constants of the Dispersion Equations (14)

Electron F (electrons/m3 ) h. (rad./sec.) .(rad./sec.)

free c 4.06 x 1027 6.00 x 1015

27 15 15
bound 1 2.69 x 10 6.00 x 10 1.25 x 10

bound 2 2.86 x 1026 7.25 x 1015 7.25 x 1015

Table All. Exponential Wide Band Model Parameters

Gas Vibrations Bands Pressure Parameters Band Absorption Parameters

k 6k b 0 30 "00"

(cm- ) (cm-1 /gm m
- 2 ) (cm- )

H20 "

m -3 1. 20u i 5200.0 0.14311 28.4

)i3652 0,0,0
'")21595 2. 6.3U 1 41.2 0.09427 56.4

v3-3756 0,1,0
g1 -l 3. 2.7u I
g2 -1 0,2.0 0.19
g3-1 1,0,0 2.3 0.13219 60.0

0,0,1 22.4
4. 1.87u 1 3.0 0.08169 3.1

0,1,1n

5. 1.3
8
u 1 2.5 0.11628 32.0

1,0,1

Co 2
m =3 i. 15u 0.7 1.3 19.0 0.06157 12.7

)1-1351 0,1,0 9
j,-667 2. 10.4u 0.8 1.3 2.47 x 10 0.04017 13.4
vj3-2396 -1,0,1
gl-i 3. 9.4 u 0.8 1.3 2.48 x 10 0.11888 10.1

g2-2 0,-2,1
g 3 1 4. 4.3u 0.8 1.3 L10.0 0.24723 11.2

0,0,1

5. 2.7u 0.65 1.3 4.0 0.13341 23.5

1,0,1
6. 2.Ou 0.65 1.3 0.066 0.39305 34.5

'j 2,0,1

: 8.6(To/T) 1/2 0.5

00.5
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ABSTRACT

A computational study of radiation heat transfer in a combustor having

fuel spray combustion is reported in the present paper. Ahen the distribution

of radiatively participating species is known in either a normal distribution

or an exponential distribution in any direction of a cylindrical coordinate

with respect to a referenced location, e.g., in a form, F - f exp (-ap-b0 2-cz 2),

where f, a, b, and c are distribution constants for individual species, the

governing equation of radiation heat transfer without scattering in such a

system can readily be solved by using the herein reported method. Several

results from the present authors' work are explained that are employed for

Implementing the solution: a new coordinate transformation method to fine the

species distribution along individual optical paths centered at any chosen

location in the combustor; a new formula for the adiabatic flame temperature in

a logarithmic function expressed in terms of relevant variables; a new integral

function facilitating solutions for various radiation equations; a new inverse

error function enabling some exact solution of the governing equation of

radiation heat transfer, etc.

An exact solution is found for both optically thin and thick media. And a

numerical solution is offered for optically medially thin medium. The present

analytical method is applied to radiation heat transfer in a direct injection-

type diesel ergine combustion chamber. Some representative results are

discussed that nave been obtained from a parametric analysis of its ra:iation

heat transfer.

I '
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INTRODUCTION

When an equation of radiative heat transfer is solved for predicting the

heat flux incident upon various locations over the surface of a combustor

having flame plumes, several difficult problems are encountered. In order to

briefly review the difficulties, a combustor having a jet flame is considered

*. as shown in Fig. 1. The heat flux through an optical path (r,9,r) centered at

location, D may be calculated by solving the governing equation of radiation

neglecting scattering effect,

q = - A '(0 ) cose dA (1)
0

when the spectral radiation intensity, IA(r) is represented as

r <,(r') r'
,O AI (r) " e (r')exp(- <A(r")dr")dr' (2)X r I bAA r

where < is the spectral volume apsorptance at (r,6,T) and e is the spectral

bA

blackbody radiation. The total radiation flux on location D, then, is

calculated by integrating q, over the entire hemispherical volume faced by the

location. Among the main difficulties in implementing the above computation

are that < can be determined only when the distributions of radiatively

participating species and temperature are known along the individual optical

patns and that is spectrum-dependent.

n order to obtain a better solution of Eq. (1), some new methods were

proposed for overcoming the abovementioned difficulties when the authors

* computed radiation heat transfer in a direct injection-type diesel engine: a

coordinate transformation technique to find the species distribution along

individual optical paths when the distribution is given with respect to a

chosen location, e.g., the injection nozzle hole [I2; a computation metnod of

-- -



finding the spectral. volume absorptances of soot and gas for their mixtures

[1,2J by using reported results [3,4,5] and new analytical and numerical

methods of solving Eq. (1), which is considered in the present paper. This

paper, therefore, may serve as a summary report of the authors' modeling study

of radiation heat transfer in a combustor having flame jets.

Elaborating the species distribution in the combustion chamber, it was

found to conveniently be described by the following equation in a cylindrical

coordinate with respect to the injection nozzle fLI when distribution is Known

in either a normal (or a skewed normal) distribution or an exponential

distribution in any direction of a cylindrical coordinate, e.g., in a form;

F = f exp (-ap-bO'-cz2 ) (3)

where F represents either fuel/air ratio or soot concentration or _-3 or H23
2 2

concentration; f, a, b and c are constants to be separately determined for eacn

medium by either experimental or theoretical means. The expression is

considered to reasonably well describe the species distribution of non-

axisymmetric plumes in view of some reported results from both theoretical and

experimental studies C6,7], and the new expression offers various advantages,

e.g., that the expression can be used to describe the spray plume in swirl

motions by including its effect in #-direction and that it facilitates tre

sought solution of Eq. (1) [1]. When the species distribution with respect ca

referenced position in the combustor is known, the species distribution along

the optical path, r, of any chosen direction (r,e, ) and location, D

Pd z) may be found as [I],
d' d 0

F = fdexp(-[(r-r )/r ()
0 d 0 w

whore fd' r and r are functionally related to 3, z, d, .', f, 3, b, 3nd
0 w

c. This distribution equation, then, may te used for determining tre volmTe

absorptance according to the reported methods 73,1, s

-2- -U
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I I exp (-c (r-r )2)0

The temperature distribution, T, needed in the above equation and eb. for Eq.

(1) may be determined by using the distribution of burned fuel/air ratio, ,

from Eq. (3). This can be achieved by using our new formula for the adiabatic

flame temperature EB];

T  - To  1 Zn T (6)

where T1, T2 and 73 are functionally related to the reaction pressure, tn.e

initial mixture temperature and the number of carbon atoms of the fuel

molecule. Even with the above rearrangement and simplification of terms in .

(1), its solution was not readily found until some new mathematical techniques

were employed as explained in the following.

ANALYTICAL AND NUMERICAL SCLUTIONS

The solution of Eq. (1) may be considered for the following tnree cases:

(1) the optically thin medium; (2) optically thick medium and (3) optically

medially thick medium: the solution for each case will be explained upon

further simplifying the governing equation as follows. introducing new terms,

r

kTr
S< [3,9] x - hc/kAT and a T f <0 dr,

c

where h is Planck's constant; c the speed of light and < the Boltzmann

constant, Eq. (1) can be rewritten for directional radiation intensity as,

= q ./cose,

r
r = - '<drr 0 1 7 0T r ebA e 0 dAdr

0 0

r 4 -ax
15 k o T5  I xe dxr.

" 0 0 ex- 1

During the process of simplifying the above equation, tne 3uthors tscOvere

new useful integration function [10], i.e.,

-3- ..
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x -ax m
e dx - F(m,a,x 1 ) - F(m,a,x ) (7)

x e -2

m( (n~)-i"

F(m,a,x) - (e n+a)Zx .(mn) 1-)1, where (

n-i

Note that Eq. (7) can also be used for determining a solution in closed

form of the black body radiation function, FOT 11,

XT E (T)
F d(AT)

0 aT

-nx x2
15 ~e. .( x3 3x 2 6x 6
I n-I n n n2  n3

From Eq. (7), since one can find

4 -ax

f (dxn

0 eX -1 n-i (n-a) 5

the governing equation is simplified as

r K

-- I - Z _ _ _ dr
hr ho n 1 n 0 (l-a/n) 5

r

With the definition of the optical depth, 7 - < dr, the equation may oe
0 0

rewritten in a tidier form,

- 1 t T5

360 ok Z 0 d
S0 n- 0 1 )

nhc

The solution of this equation is considered for the previously mentioned three

cases as follows.

OPTICALLY THIN MEDIUM: When - approaches zero, i.e., an optically thin

an exact solution for Eq. (9) was found. in this case, Eq. ,3 becomes

36C ck I 1 o 5,(1_
Shc 5 'n.i n 0 nnc

-4-
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Tor finding the solution of the aoove equation, since is functionally related

to the optical depth, 7 and the burned fuel/air ratio, , and since may oe

found as - e from Eq. (a), Eq. (6) may be written as

(-2 -2 -2 -u
0 o  T (in w- r )+T 2 (in wI - r) 73 - 7 r 7 2 r

2
where, T 3 - To 1n w, + T2(in w ) and

T 4  . T, + 2T2  Zn(w ).

In addition, for obtaining the solution of Eq. (B), it was necessary to find

the relationship between T and r. From definition and Eq. (5), the optical

depth, T is rewritten as,

r -c (r-r )2

e dr0

1 /2- (err Lv>c (r-r + r / r1

2 c2

or, erf LVW(r- r)] - rf r).
I T:

:n view of Eq. (10) and for further simplifying Eq. (11), a variable

transformation was employed to obtain

r v (r-r

1 1
T-. 2 [l / erf C/Fc r

IT - 2 a1 1

-d Lt~ ]- (2)

Then Eq. (11) may be written as

erf (r) - T

or, r - erf 1 () ''

wn'ere, err - I represents the inverse error function, whose exact solujtion is

* found as (ncte the details of its derivation are exp!3:ned :r ApenJix

* -5



/(T -3 + 7-'T ... )

2.3! 4. 5! T

Next, the above equation is introduced into Eq. (10) to find

- 3 + 7 + . ... )2
.. 1

2 -7-3 7n 2 --5

T3  T ( 2 3 - ' -.... ) i.

26.3! LF. 5T

T22

7TT3! 4 76 2)
-7 T + 2.3-- 1'-5)

,-.--2 -" a  

<

3  5. . T2 0.

-= 6- -4r .3! i6 '2-
7T -

w e r e , 7 4- T a n d 7T 6  ( 3 ! 1 6' ' )

From Eq. ,115), one also may find the following in order to use tnem In q. :19
-5 5 4 -2 + 4 -4,

3 35 . 3 T

6 5 -2 5 -
T 73 6 T3 6 3 6 T

Finally, the above equations and Eq. (12) are introduced into Eq. (9t

obtain

300~~ 'kT1dI -1 5kT"

3 60 k 1 1  0 1 - 5  1 6 5k -_6
=T 5 -' nnc nkc

n-1 n "I

1 1360 K ®I d O-) T 57 7. 57 -

- --1  6 - 67 + T5 T1 ] '
nhc 3 3 3

_ [7 6T T- 6 7755T6 dn;hc 3 3 3 3

5k 5-6-

_ T 7 T d T

Sn .. . 3- 3



360 ok 1 1 0 5 5k- 5k7 3-, ,_ 1, ( T 3 -~ 7-T> __

c 5 3 7 n nc (nSTncn.1 n5  -d1i T

5 530 kT 30 kTr T -3 5 73 (5T34 T 1 _

nhc 3 6  nhc

5,,

30 kT 5..- 16)
nhc

Consequently, Eq. (16) can be used for finding an exact solution of the

equation of radiation for an optically thin medium in a combustor with flame

plumes as,

5- T ) 5k 6
"'360 ok 15 _5 ' 6 5 - 3 2 2 2 , 2 2-

I n-1 n5  nc 3 10 2nc 1 0 - 1
ri-I

I0 kT
5T - O 1I 5 )[d ( 3 33
3 3 5 nbc 1 0 1

15kT 5 T

2nhc [5 d 7

5-

6ki T 3 535 5
(7 6 0bc 1 011 1

2k- 5 6 6 66

nnc - 01 0-:1 1 1

*° --7 -
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Optically thick medium: An exact solution can also be found in an optically

thick medium: assuming the volume absorptance <c is 0 for r < r 0and < for r0

< r < roc, one can rewrite Eq. (2) as

0' KE eb exp (-I dr")dr'
a 0 71 b

This equation is further solved to find the result,

0 - e exo f- < dr")dr'
1T b o

rr
0 0

o0 0 exp(-K (r'-r ))dr'
iTr

r

14
cT 

(13)-7
7r

Optically medially thin medium: When the system holds an optically

medially thin (or thick) medium, Eq. (2) cannot analytically be solved as the

above discussed cases; rather, a numerical method was employed for it.

Without going into the details of its derivation (shown elsewhere [11]j), but by

knowing that the volume absorptance <(r) can be found from Ea.. (5), tn6e

* following result was used for the solution.

Tp
=15 a M 1 < [5 F(4,a ,x -) -F(14,a,x )]dT 19

IT I J. j.1 o-1

* where, <. is the volume absorptance defined in the ith subrange of r-domain

and the jth subrange of A-domain. The numerical results of Eq. (19) were

obtained using Gaussian integration method.

6



RESULTS AND CONCLUSION

The present computational method enables an extensive parametric study of

radiation heat transfer in a combustor with flame jets [27. Since this summary

paper is to primarily report the methodology of computation by using the

authors' several new findings reported elsewhere [1, 2, 3, 10], only some

representative results considered for a direct injection-type diesel engine are

presented here. For this, in order to be consistent and to have better mutual

comparisons, the same computational conditions employed for the previous

results are considered here. The numerical values of f in Eq. (3) were, for

soot, H20, C 2 and fuel/air ratio, 3 x 10 , 0.01, 0.01 and 1.0, respectively;

the distribution constants, a, b, and c were, for those species, 0.6, 2.36 and

2.0, accordingly. Note again that those constants and distribution made in

each coordinate of Eq. (3) can be determined by computational or experimental

method, or arbitrarily chosen for parametric studies. The engine details for

0.
the computation were: the chamber surface temperature, 500 K; the number of

spray plumes, 4; the piston radius, R - 4.92 cm; the combustion chamber bowl

radius, 3.44 cm; the compression ratio, 23; the engine speed, 1000 rpm; the

surface spectral emissivity, 0.95; the fuel compositicn, C 6H the time of

computation in cycle, 40 degrees after top dead center. The results are shown

in normalized forms: normalized radiation heat transfer, Q/iT , where 7 is

2400K and a is the Stefan-Boltzmann constant; normalized directional

144
intensity, I9 /ic7T; normalized spectral radiation heat transfer, /07

The radiation heat transfer through a solid angle incident on the cylinder

head, are shown in Fig. 2. Where there are four flame jets in the combustion

chamber, radiation heat transfer flux incident on the locations along the

radial direction varies depending upon the direction in the hemispherical

volume of integration. The schematic drawing in the figure shows the spherical

-9-
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coordinate identifying the direction of solid angles. Note that, for cases e

600 and 76.7 , heat transfer on r/R < 0.1 is in large from plume #1 and that

beyond r/R - 0.1 from both plumes #1 and 2. The directional radiation

intensity, I was combined with the spectral emissivity of the chamber

wall, e, - 0.95, to obtain radiation heat transfer through the cylinder head by

integrating as, Q I I6 cose sin e d6 d (Fig. 3). The net heat transfer

computed with inclusion of wall emission at 500K, reflection from the

opposite-side walls are represented by "Net"; those obtained excluding the

reflection is denoted by "No reflection"; and the heat flux incident on the

surface without including wall effect are shown by "Spray plume". Explaining

the results, the rapid reduction in heat transfer around r/R - 0.7 is caused by

the presence of the piston bowl. The double hump in the plot may be

surprising. In order to clarify this, an additional computation made for solid

angle of zineith angle, 0 - 39.7 , at varied azimuthal angles and locations on

the cylinder head, is shown in Fig. 4. From the results, one finds that while

the radiation heat flux incident on locations around the nozzle (r/R - 0) is

from all of the four plumes, the flux on those near r/R - 0.1 is from one

plume, i.e., the nearest plume to the location. :f tne computation is made for

a single plume, the heat transfer should have asymptotically been approaching

zero at r/R - 0. This trend is qualitatively compared with the experimental

results obtained by using a single plume C12].

Since the distribution constants being used for Eq. (3) in the present

analysis were chosen based on an in-cylinder soot measurement 131, it seems of

interest to compute radiative heat transfer contributed by in-cylinder soot and

gaseous species, i.e., mainly CO2 and H20. Fig. 5 shows their spectrum-

resolved radiation heat transfer smoothed over individual wave bonds in

normalized form, Q /T , with respect to normalized wave number, jm/ . :I

I
k ~ * .* * ' ' i ' "= L =' . .,-'.- ' ,','' ,._ '" ,_. ' .- " -' '2
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appears clear that thermal radiation transmission caused by the presence of

soot almost dominates the entire radiation process and the radiation.by gaseous

species is very small. The great portion of radiation by gas found around

6um/A is explained by the strong emission bands of H20 at A - 2.7 and CC at

A 2.7 and 4.3 um. Since the spectral absorptance of surface can be

incorporated with results like those in Fig. 5, the analysis may be made for

combustors having various surface coatings with known spectral emissivity.

The main issue associated with the use of the present analysis method of

radiation heat transfer may be justification of the species distribution

described by Eq. (3). Since the distribution widely varies depending upon the

fuel injector and combustor condition, it is difficult to exactly describe the

variations by a single equation. Reported results suggest, however, the

individual species distribution may be simplified by using exponential or

normal (or skewed normal) distribution in each coordinate component of a

cylindrical system, e.g., Eq. (3). It is found in the present study that the

radiation heat analysis is greatly simplified when the distribution is made in

sucn a form without resorting to the rather complex zonal method or the use of

the geometric factors. Further, the use of the present method readily enables

parametric analysis of radiation heat transfer, e.g., in order to identify a

desirable injector suitable for a chosen combustor system.

-11-

.......



ACKNOWLEDGEMENT

The present study has been sponsored by the U.S. Army Research Office,

Contract No. DAAG 29-83-K-O043 (Scientific Program Officer, Dr. David M. Mann).

REFERENCES

1. Chang, S. L. and Rhee, K. T., "Coordinate Transformation Method for

Radiation Heat Transfer Prediction in Soot Laden Combustion Products,"

being reviewed for publication.

2. Chang, S. L., Yang, X. L. and Rhee, K. T., "A Parametric Analysis of

Radiation Heat Transfer in Direct Injection Diesel Combustion,"

International Symposium on Diagnostics and Modeling in Reciprocating

Engines, September 4-6, 1985, Tokyo, Japan.

3. Dalzell, W. H. and Sarofim, A. F., "Optical Constants of Soot and Their

Application to Heat Flux Calculation," Trans. of ASME, Vol. 9, pp. 100-IC4,

1969.

4. Lee, S. C. and Tien, C. L., "Optical Constants of Soot in Hydrocarbon

Flame," 18th Symposium (Int'l) on Combustion, The Combustion Institute, .

1159-1165, 1981.

5. Edward, D. K. and Balakrishnan, A., "Thermal Radiation by Combustion

Gases," Int'l J. of Heat Mass Transfer, Vol. 16, p. 25-4O, 1973.

6. Takeuchi, K., Senda, J. and Shikuja, M., "Transient characteristics of Fuel

Atomization and Droplet Size Distribution in Diesel Fuel Spray," SAE Paper

830449, 1983.

7. Kuo, T. W., Yu, R. C. and Shahed, S. M., "A Numerical Study of the

-' Transient Evaporating Spray Mixing Process in the Diesel Environment," SAE

Paper-831735, 1983.

5. Rhee, K. T. and Chang, S. L., "Empirical Equations for Adiabatic Flame

-12-



P°

Temperatures for Some Fuel-Air Combustion Systems," Combustion Science and

Technology, Vol. 44, pp. 75-88, 1985.

9. Grosshandler, W. L. and Modak, A., "Radiation from Nonhomogeneous

Combustion Products," 18th Symposium (Int'l) on Combustion, The Combustion

Institute,' pp. 601-609, 1981.

10. Chang, S. L. and Rhee, K. T., "A Useful Integral Function and Its

Application In Thermal Radiation Calculations," International Communication

of Heat and Mass Transfer, Vol. 10, 1983.

11. Chang, S. L., "An Analytical and Numerical Method of Radiation Heat

Transfer in Direct Injection-type Diesel Combustion," Ph.D. thesis,

Rutgers University, 1984.

12. Tsuboi, T., Fukushima, M., Sato, T. and Oguri, T., "Thermal Radiation

During Spray Combustion Behind Reflected Shock Waves," International

Symposium on Diagnostics and Modeling in Reciprocating Engines, September

4-6, .1985, Tokyo, Japan.

13. Kittleson, D. B., Du, C. J. and Pipho, M., "Total Cylinder Sampling from

a Diesel Engine: Part II - Particulate Measurement", SAE Paper 830243,

1983.

14. Papoulis, A., Probability, Random Variables, and Stochastic Processes,

McGraw Hill Book Co., New York, 1965.

15. Schneider, P. J., Conduction Heat Transfer, Addison-Wesley Publishing Co.

Inc., Reading, Mass., 1955.

16. Abramowitz, M. and Stegun, 1. A., Handbook of M!athematical Functions,

National Bureau of Standards, Applied Mathematic Series-55, U. S.

Government Printing Office, Washington, D.C., 1964.

-13-

....'"".....' ' "-_" ''-2_. ,' -' ,-" -v . . .. . . . . .. . . ,- . . .



Appendix: ]
AN INVERSE ERROR FUNCTION

The error function, erf(x), although defined in several ways, is

essentially equivalent to the following expression:

x 2 c 2n+12r~) et dt 2 (-I) n x
erf-x) -- n!(2n*I) (A-i)

0 ~ /T n-O

The equation is the integral of the so-called Gaussian or normal function and

occurs frequently in the study of the general theory of probability [i], the

analysis of transient heat flow in a semi-infinite solid [15], and the

computation of radiation heat transfer with radiatively participating media

[10], etc. For meeting the needs of such studies, the error function, its

derivatives and integrals have been tabulated [16]. As found in the text, it

was needed to obtain the inverse form of the error function, i.e., in Eq. (A-

1), the value of x for a corresponding erf(x). The following derivation shows

a new inverse error function in closed form:

When the error function, erf(x), is set equal to y, i.e., y = erf(x), Its

inverse form may be expressed, for the convenience of discussion,
-1

x erf (y) (A-2)

or,

x - fre(y). (A-3)

By Taylor's expansion method, the inverse error function can be expressed

as

(n)x (0) n Au

n-O

where, x (n) (0) is the nth derivative of x with respect to y at y 2 2. :n

-14-
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order to find x(n ) (0), the following steps are taken..1.

x'(y) dx _ (dx)-io

dy dx

x e_ t 2 d t I

x~ ~~d /. -× Y] Tx 2

d2 t

-1(y {- ,Y) 1- dtY)1 1

IT 2x 2

dxe

dy dxd

d [x '(y) [d yy -I

x 3)(y) = Lx C) - dx dx(y ] ]

-~~ ~ [2( x 2  [ e
2e 2x 3

C Z ( i + 4 x e , -2,.
2(3)) d

2 3/2 2 /3x 2
= (1 + 24x ) ee ]

x(4) (y) - 2 (',x + 12x 3 e 4

2

5/ 2 2
2  

"'

x(5) (y) (7 + 92x 2  + 96x 
4 )  e,

8!
, .3 62  -

x(6) (y) - (127x ) 652x 3  + 480x
5  e

.- 1

7/2 2
x ( 7 ) " 1") ( 1 2 7 + 3 4 8 x 2 + 1,. 4 e e c .

Consequently, one 
can rewrte Eq. 

(4 ) asX"

( 
"1 3 7 1T 5 1 27~ 2 2-3 24 6 xx - r(y) I  

(12 + 3
1 

480 * I 102 4 * 570 ) e , etc.A-5

-'-5-.'
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A close investigation of the above results indicates that a term is

repeated in each derivative and that the even derivatives become zero at y - 0.

This leads to writing Eq. (5), the inverse error function, in a tidier form,

fre(y) Z f (0) 2n~l1/(2n~l)! 'y < 1 (A-6)

n.0 n

*. where, f (0) is obtained from the reciprocally defined function, f (t),
n n

expressed as

f (t) - 1, and
0

fn(t) f''(t) 2(4n + 3) x f'(t)

2+ 2C2n I + 4(2n+1)(n+1)x ] fn(t). (n - 0,1,2...

Among the analytical properties of the new inverse error function are

fre(O) - 0

fre.(-y) - -fre(y), and

fre(l) .

In addition, the convergence of Eq. (6) is demonstrated in Figure A-i..1

-16-
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* ~ Nomenclature

a Species distribution constant or (k7/hc) < dr
0

b Species distribution constant

c Species distribution constant or speed of light

f Species distribution constant

h Plank's constant

* 1 Radiation Intensity

k Boltzman constant

q Radiation heat flux

*r Optical path

R Radius of cylinder

7 Temperature

0, 6, z Components in cylindrical coordinate

r, 6, Components in spherical coordinate

- J Volume absorptance

X Wavelength

- Optical depth

- a Stefan-Boltznan constant

* Subscripts

a Adiabatic

b Blackbody

-d Detector

A Spectral
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Appendix-VI. Coordinate Transformation Method Radiation Heat Transfer

COORDINATE TRANSFORMATION METHOD FOR
RADIATION HEAT TRANSFER PREDICTION IN

SOOT LADEN COMBUSTION PRODUCTS

by

S. L. Chang and K. T. Rhee
Department of Mechanical and Aerospace Engineering

Rutgers, The State University of New Jersey
New Brunswick, New Jersey 08903

INTRODUCTION

Computational modeling of radiative heat transfer has recently become a

more important means for the analysis of thermal loading of combustion chambers

with luminous flames. This seems to arise due to both the renewed recognition

of need for an extensive radiation heat transfer analysis to achieve a better

design of many practical systems (e.g., furnace, turbine combustor and diesel

engines) and promising new contributions from recent studies enabling more

comprehensive modeling. In the modeling, however, several difficult problems

are faced, mainly due to the directionality and spectral nature of radiative

processes. Most serious problems to be solved in improving its modeling 7iay ce

listed as follows:

(1) A viable computation of spectral volume absorptance of a mixture )F

combustion products;

(2) A more accurate computational method for integrating the e'.uat.ori o

radiation heat transfer along individual optical paths in the hemisoher',ca'

volume faced by each location of the reactor wall (hereafter called a .etector

and over the wave length range of thermal radiation; and

(3) A detailed description of in-reactor distributions of combustion

products and temperature in terms of a suitable coordinate system certerec at

an individual detector and its coupling with the above radiative 'r~nsfer'

eauation.

.p
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In the present paper, being mainly concerned with the last item of the

list, a brief discussion is given for others in order to review the overall

problem.

SPECTRAL VOLUME ABSORPTANCE OF SOOT/GAS MIXTURE

When the spectral volume absorptance of combustion products are calculated

for the range of thermal radiation, the respective absorptances due to soot

cloud and gas mixture are computed as well as their summation. The most widely

accepted method of computing the absorptance of soot r .s, by using either

Rayleigh limit expression [i] for median size of particles smaller than

0.1 micrometer, or Mie theory [2] for particles with greater sizes where it is

required to know the size distribution to take into account scattering. Since

practical combustion systems, in general, produce small-size soots, the Rayleigh

expression is only considered here. The expression is independent of the size

of the particles, inversely proportional to the wavelength \, and proportional

to the soot volume fraction, i.e.,

36 n2 k(w/X) fv
n 2(1-k 2) + 2]2 + 4 n4 k2

The optical constants, n, k, the real and imaginary parts of the refractive

indices, were measured from the intensity of polarizing light reflected from the

soot particles and the measurements were fitted to the dispersion equation [3,4i.

It was reported that r.s may slightly increase with wavelength and

insignificantly varies with kind of soot and temperature. For computation of

emissions from gaseous mixtures, the empirical wide band model proposed Dy

Edwards and Balarkrishnan [5] has often been used [6-8]. The significance of

the method is to find, instead of finding gray body absorptance of Qas volumes.

. .,. . . . . . . .
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the width of individual emission bands, A., compared to blackbody spectrum to

approximate the strength of original emission spectrum. This unique technique

facilitates an evaluation of the spectral dependence of gas radiation. When

emission bands overlap each other at a single spectrum, a separate correction is

given (5]. With regard to the summation of both emissions due to soots and

gases, even though any method has not fully been verified, several techniques

have been used in the past: for an assumed homogeneous and gray body emission,

by adding the gas emittance times the soot transmittance to soot emittance 19];

by adding the soot and gas emittances e and E , to find total emittance, Et,

i.e., et = 1-(1-C )(1-C s) (10]; by introducing a new approximation using a

pentagamma functional form [11], etc. Unlike those for computation of gray body

emittance of gas/soot mixture volume, the summation of spectral emissivity of

such mixtures needs special consideration in order to evaluate the spectral

dependence of radiation heat transfer. A new method of summing spectral volume

absorptances has been used by the authors to find the spectral emittance of

combustion products comprising both soot and gases for their recent studies [12].

In the computation of the spectral volume absorptance of a soot/gas mixture,

the spectral volume absorptance of gaseous mixture, r\.g is expressed, for

*convenience of computation, in a form

K.g :C/X (2)

Here, C was found from the relationship, AX = f., I-Exp(-C1/\)dX uoon the comouta-

tion of A k for each emission band by using the Edwards' wide band non-gray model.

On the other hand, the volume absorptance due to soot suspending in the mixture,

r .s' (Eq. 1) is used to find C' from the expression = C'/\. The spectra)

absorptance of soot/gas mixture, r, is then computed from the following:

\ : (C+C')/k i
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This method for quantifying spectral dependence of radiative processes of

a combustion gas mixture with soot suspension is basically similar to one of

those listed above for gray body radiation analysis. That is, a summation for

individual spectral emissivity of such mixtures by using the new method, without

exceeding blackbody emissivity at a spectrum upon the addition of both emissions,

is quite equivalent to the following relationship:

CtX 1( C IC (4)t : l-(l-g.x) (l-s.x) 4

The validity of the new summation method, however similar to one often employed

for gray body analysis, is not fully accepted at present, so that a future

systematic experimental evaluation of summation is needed. Further, since the

calculation of emittance as a thermal equilibrium mixture is made by computing

the spectral volume absorptance instead of emittance as explained above, the

assumption of Kirchhoff's law to hold for it in a system is more justified than

a similar assumption made for gray body computations.

EQUATION OF RADIATION HEAT TRANSFER EQUATION

The equation of radiation heat transfer in radiatively participating fluids

confined in a volume is well known. The governing equation of monochromatic

radiation heat transfer is sought for the processes in combustors containing

plumes of small size soot laden flames as shown in Fig. I where pertinent

details are shown, e.g., geometric information and spectral reflectivity of wall

* surfaces, s I, etc. Referring to Fig. 1, the governing equation of local

spectral radiation intensity, I (r), is written as

r

I (r) 0 ( e (r ) Exp(-fr r" f 'i r ,Jr'
I I bk r k

r



,-. ,

20

27thc 2

-. where, ebX = ' r is the spectral volume absorptance at (r,g,,),
"X 5 [Exp(hc/XKT)-I] -

10" ol 0-27

c = 2.998 x 10 cm/sec, h = 6.625 x 10 erg-sec, and k : 1.380 x 10 16 ergiK.

The heat flux along an optical path of a solid angle (e,g) in the thermal radiation

range may be, then, computed from

q = f IX(0) cos e dX (6)

The mai'n difficulty in finding the solution of Eq. (5) resides in the fact that

r is a function of both species concentrations and temperature and that both

variables are a function of the location along the individual optical path, r. "he

present paper considers a new technique to describe the species distribution

along individual optical paths and its coupling with Eq. (5). When such

distribution details become available, a more realistic solution of Eq. (6) is

accessible, as reported elsewhere [13].

The surface properties are combined with the radiation heat fluxes incierit

on individual locations of the combustor wall. The extinction coefficient,

• X = fr.dL, along each optical path found from the comoutation as explained

above and the spectral reflectivities, a,.,, are included in the expression

for the radiosity of surface 1, Bk1, as

(I I  l cos eI I(0)) 
4 B cos e e 2 + B 2 cos 92 i (O))

X1 (2 -r 10)
l =B Cos cose e k-2

kx X2 cs 1  2 (7)

Upon implementation of computations by coupling Eq. (5) with Eq. (7), the net neat

transferred through a chosen spectrum 3t a detector can be calculated.

n . ,
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IN-COMBUSTOR SPECIES DISTRIBUTION

Since an analysis of space- and spectrum-resolved radiation heat transfer

in a combustor, as considered here, requires detailed distributions of in-reactor

species and temperature, search of a useful technique for this is clearly

warranted. Unfortunately, at present neither convenient means for obtaining

in-combustor data sufficient for use in radiation heat transfer analysis has

been available. The distributions may be obtained by either experimental or

theoretical method. Some activity is underway in the direction of obtaining

such information in the authors' laboratory. When the distribution becomes

available, it is most convenient to express it in a coordinate system centered

at the fuel injection nozzle.

Although, as explained above, the species distribution in plumes of

combustors equipped with the fuel injection nozzle is not readily available, a

new approach explained in the following may shed light in the search for a

viable solution to the problem. It is found from some experimental and

theoretical results in literature that the species distribution in

non-axisymmetric plume of such systems [14,151 may conveniently be describea by

the following equation in a cylindrical coordinate:

F = F exp(-ao-bo 2-cz 2) (8)

where F may represent either fuel/air ratio, or soot concentration, or CO or
2

H0 concentrations; Fo, a, b and c are constants to be separately determined by
20

either experimental or theoretical means for individual combustion units. This

expr.ession of plumes, however, deemed rather simple and probably less realistic,

is considered to serve a suitable method for some parametric analysis of the

confronting problem. Among the advantages of this approach is that the deformation

of plume, e.g. in spiral direction, due to swirl motion .while the fuel spray is

iU
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formed, may be reasonably described for both transient and steady combustion

systems, i.e, by including it in o-direction, as explained later.

The next task to be implemented for the final solution may be a proper

coupling of, with Eq.(5), the details of in-combustor species distribution that

may be obtained from the above method or others. Several techniques have been

employed in finding a solution of the equation of radiation heat transfer (Ea.

(5), namely, the Monte-Carlo method [10,16], the zonal method [17,18], the use

of geometric factors (6,19], etc. Those methods did not rigorously implement

the solution of Eq. (5), but sought for approximated solution and gray-body

computation. Among the main reasons for this is that it is difficult to find

species distribution along individual directions of integration in the

hemispherical volume faced by the location where heat transfer is considered.

The difficulty is compounded when the distribution varies with time as in

transient-flow combustors.

COOROINATE TRANSFORMATION

In view of the discussion above on the overall problem in finding space-

and spectral-resolved radiation heat transfer in combustors, it is highly

desirable to find a more versatile method enabling us to find a better solution

of Eq. (5). A new technique for the goal is presented in the following. The

basic idea of the technique is to employ coordinate transformations for finding

the species distribution along the individual optical direction, r, (Fig. 1) in

an equational form by using the species distribution given in a coordinate with

respect to the fuel injector. When such an equation in a suitable coordinate

centered at detectors on the combustor wall becomes available, i.e. alona

individual optical direction with respect to the detector, a better oompil>%tn

of the space-resolved radiation heat transfer can be attemtea.
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As explained earlier, it was found to be convenient to express, in a

cylindrical coordinate, the spray plumes of which geometry and others vary with

time. The following discussion is concerned with description of the same plumes

in a new coordinate system with respect to a detector of interest, consequently

to make available the species distribution along individual optical paths

centered at the detector. This goal is achieved by using a new coordinate

transformation technique involving two main sets of coordinate systems, i.e., a

cylindrical coordinate centered at the injection nozzle hole, 0, for describing

the spray plumes (p,o,z) and a spherical coordinate (r,e, ) for expressing the

same plumes with respect to the detector located at 0. Two transformation

* techniques are presented: (1) point-to-point transformation; and (2) distribution

equation-to-distribution equation transformation. The former is considered to

be particularly useful when some discrete point data are available in a coordinate

with respect to the injection nozzle for expressing them in a new coordinate

centered at a detector. The latter is developed for transforming a functional

expression of the spray plume in a nozzle coordinate, e.g. Eq. (8), to find an

equational spray description in a new detector coordinate.

-. (1) Point-to-point Transformations

MUTUALLY PARALLEL COORDINATES - When in-combustor species data is

experimentally acquired [20], it is always likely that they become available

in a set of discrete data points as opposed to in a form of continuous variaticn

in species concentration of plumes. When one uses such discrete data points in

computing radiation characteristics in a direction of optical path with respect

to a detector, it is necessary to know a species distribution along individual

optical paths for solving Eq. (5). For such needs, a new approach of isi'nq

point-to-point coordinate transformation is introduced. 7o er'orm a :or-i-ate

transformation between these systems, two more intermeciate :ocyoirate s/stems,

w.*
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X and Y, are introduced for the convenience of derivation. The axes of the

coordinates under consideration are either parallel or perpendicular to each

other in order to avoid the complexity of the derivation although cases with

the mutually non-parallel coordinates are discussed later. The interim

coordinate systems are listed in the following and shown in Fig. 2-(A).

a. Spray plume coordinate (cylindrical), C (0,O,z)

b. X coordinate, X (x1 ,X2 ,x3)

c. Y coordinate, Y (yly 2 ,y3)

d. Detection coordinate (spherical) S (r,e,4)

Identifying the location of a detector at Xld' X2d' X3d' a series of

- transformations are carried out to obtain

2 r2  2 2= r sir a + 2 r od sine cos (0d+ + d

o .tan-1 d sind - r sine sin4)/( d cos bd + r sine cos )],

Z = Z - r cosed

2 2 2 ta-1 an oetaa-1where, 0D : x : tand (x2/), and Zd :=3" Note that = tan- /xI

. if X, a 0 , = : tan 1 (x2/xl) + w if < 0 and 0 and o tan-1(x2" i' - i.;

X1 < 0 and x2 < 0.

MUTUALLY UNPARALLEL COORDINATES - However, since in many practical systems.

e.g., diesel engines, the fuel is injected into the combustion chamber at an a',

ein' as shown in Figs. I and 2-(B), this has to be taken into consideration in

the coordination transformation. In order to meet this need, an addit'onal

coordinate system having an angle of e. with respect to the cylinderin

coordinate (Xl, 2,x3) is introduced. The new coordinate (u,,u,.u),

is not parallel to the detector coordinate (y7,y2,y3  he'r mutual

relationship may be listed as follows:
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-1 2 P 0 Sif X2 X3  Z

. uI  I ose, - sin 3uI  -I Xl c in - 3 si in ;

u2 -x 2 ;

u3 =x 1 sine i

D2 -U 2 + 2

u tan (u2/u1 ) ; and
Zu  2

z u 3

Further, an expression similar to Eq. (9) can be obtained as

2 =(o osein coso - z sin n2 2 2Sin
DU I

0 u t (o sino)/(P cosein coso z sinein).

z= sine. coso + z cose.

. in in

Accordingly, the location of detector, initially identified by using the

parallel coordinate (p,e,z) can finally be rewritten in terms of the undarallel

system (ou,r ,zu) (see Fig. 2-(B) as,

2 coso - z sinen2 2 .20
in d d in d sin d

u = tan- E(od sinod)/(od cosain COSOd - Zd sine in)] and

Z 0 p sine. cos d  zd cose. (!0O)2
" u d in d d in

Since it is readily found that the geometric configurations of the inclined

plume vs. the coordinate (yl,y2 ,y3) is equivalent to those of the similar

- plume with axis in X, vs. an equally inclined detector coordinate

* (ui,u ,ui), some pertinent conversion may be made. Converting the

geometric details of a given solid angle initially represented by using :4, )

into an expression in terms of corresponding unparalle! coordinate , 1 °

the results obtained for the case of mutually parallel coor jinate, Eq. 3 , can

directly be used. For this, the conversion for the so0>d 3nq>l is 3cnievec "--

-. .... .. ....... .. .... ... ......... ....... ..-. . .. .. ... ; .. . .. .;: .% ... . .. < - ...... ; :, .;.)) -i- ,-; :;, : _ > .:, , < L- " --.
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e = Cos [-sine cos4 sin ei + cose cosein]

u tan- [sine sin4/(sine cos4 CoSe. + Cosa sine: + cosins in ](!

The location of a data point originally identified in terms of the coordinate of

plume of which axis is inclined by an angle of e. with respect to ain

perpendicular coordinate can, therefore, be expressed in terms of a spherical

coordinate centered at a detector on the combustor wall by introducing Eqs. 9

and (10) into Eq. (11).

(2) Oistribution-to-Oistribution Transformations

WITHOUT SWIRL MOTION - As explained earlier, the detai7s of in-comoustjr

spray plume may be obtained in an equational form, e.g. Eq. (8), expressed 44t1

respect to the nozzle hole. The transformation of such distribution to

individual distributions along an individual optical path at a detector is

considered for a combustor without swirl motion. The logical step for this goal

would have been introducing the corresponding terms of Eq. (9) into Eq. (8.

Such transformation, however, results in an extremely complex form of -o. (8

expressed in terms of the spherical coordinate at the detector. Furthermore,

the new transformed distribution equation becomes too difficult to e usec i

Eq. (5). In order to alleviate the problem, an approximation tecnnicue .qas

sought in such a way as to conveniently use its results in obtaining tie

solution of Eq. (5). It was found that use of the Taylor expansion metno ,

the transformation not only greatly facilities the steos toward tne f~na! goa"

- but also lead to very accurate results.

~.I

31
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0-terms:

Letting X r sinO/Od, A *cos(Od + 4)' wt f 0/d' n id

f(X) =(I + 2Ax + 2 /

fi)=(A+x)/f ,and

2 2, 3
f"() f X) (A+x) ]/f

For X X= + c and c(<l the above may be rewritten as,

f(X) f(x.) + flx)c + f(ir1

Further, since c X-x,, f(X) may be expressed as

f(X) 0/0 d 0o + fI+ f 2 X2  (12)

whrf0 = fI, f'x1x f(, ,2

whrf = f'(x) -fix i) xi, an

f =f"X)2

For x>>, f(x) ol ~'d x + A

(o terms:

From En. (9), having f(x) = tan(o)

= (sinod- sin4)/(coso(d +- co

- 7-
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one obtains

2
f'(x) -sin( d + 4)/(cosod + x COsW)

f"(x)= -2 f'(x) cos/(cos d + x CosW),

o(x) : tan -(f)

S. 2
O'() = f'/(1+f ), and

[-2 ff 2 + (1+f2) f,,/(l+f2)2.

Note, for cosod + x cos4 0, *(x) w/2, (x) = -cos/sin(d+) and

o(x) = 0. For x = xi e and c<<1, o(x) may be written as o(x) (xi)

0(xi) + *"(xi) 2/2.

In view of Eq. (8), one defines t(x) = 2(x) to rewrite

O(W) O 0(Xi) + 0'(Xi) + 0"(Xi) 2/2

where 0'(x) = 2o(xi ) *'(xi )

" 2o(xi) *"(x) + 202 (Xi)

Further, since c = X-X , 0 may be expressed

1W 0+ €I +  2 2

$(x) i + i 2 3)

where, 0 (xi) - '(Xi) i + '"(Xi) X2/2
0 1 ki VXi )5I : (xi) - 0"(x 1 ) xi~

42 = 2"(xi)/2

- For x>>l, 0(x) = -4, or O(x) 2.

z-terms:

Since z is a single first order polynomial function of r, the following is

obtained from Eq. (9).

''''' S.. . . ."... ..."' ' ' ' ' - ' " " " " " "''''.. . . . .'" " 5~ * "' ' " . . ' " . ."" ".'t > ' - =



z = zd - 2 zd r cose + r2 cos 2 e (14)

Finally, by substituting terms in Eq. (8) with Eqs. (12), (13) and (14), one

obtains

2-[ ~ e(r'ro)/rw] (15)F =fd e (rr0)rl

2
where, fd = f0 e-(aIbI /4C)

ro = b1 /2 C1 5

r =(C 
1/ 2

w '

aI  a + b + C Zd2

bI = -(a I + b (o] sine/ d + 2 Cz cose, and
1 / 1d Cd

cI  (a 02 + b 02 sin2 e/Dd 2 + Ccos2e.

When the above results are used in solving Eq. (5), it is found that the above

approximation method generates better accuracy when the integral interval is

divided into smaller subranges.

WITH SWIRL MOTION - The present coordinate transformation method is also

considered for a combustor with swirl motion. With swirl motion, prior to the

transformation, the spray plume distribution equation, Eq. (8), needs

adjustments to take into account the bending of spray plume. Althougn the exact

formation mechanism of bent sprays in the presence of gas swirl in the

combustor is not properly understood at present, the following two Drobab'e

cases are considered.

-.. . . . . . . ..- 4. . . . . .
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i.

Droplet with Constant Axial Velocity:

It is assumed that (1) fuel droplets ejected from the nozzle hole to move at

a constant axial velocity, yf; (2) the angular velocity of the swirl, Q, is

constant along the axis of the plume; (3) the angular velocity of fuel droplets

along the plume axis is the same as Q2. With the above, a point characteristic

at a location (p,O,Z) of no-swirl condition is found at a location (p,o+o ,Z),s %

due to the swirl during a period of time at, according to
l 5

OS = /vf and

*OS " a n

In this case EQ. (8) becomes F = F exp[-ap - b(o-os) 2-Cz2 . .The
0

transformation of the above equation into the detector coordinate expression

is exactly identical except for a. new set of equations in 0-terms. They are:

(=i) =2 (Xi),

0'(i ) = 2' (xi) w'(xi), and

2$ ( i)  2 (xi *"( i ) + 2,' (Xi),  !

where, (xi) : (xi) - os i)

V,(Xi)= 0,(x i) - 0s(Xi) and

= '"(Xi) - 0s(xi).

Droplets with Specified Axial Velocity:

Melton [21] analyzed a case for the plume formation as

, V = V (l+ )"
f "5

'% *I *,* . ". * .
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where,v is the exit velocity of the fuel droplet at the nozzle hole, a isS

about O.085/Rs and Rs is the radius of the nozzle hole. Assumptions of the

previous case are also similarly taken here for finding os Qt, since

vf =do/dt = v /(I+ao) and a + ap2/2:v t.

Combining the above, one finds

s = (o/v s) (I+ao/2).

Letting 0 si (a/vs) (1+a/2), the above equation may be expressed in

terms of osl to obtain

0s= 0s1(1+ )/(1+a/2)

Ss = si(I )(+/. n

Substituting respective terms in Eq. (16) by the above results, the coordinate

transformation of bending spray plumes, as specified here, can be achieved.

Regarding the plumes with their axis having an inclined angle of 9in' the

distribution-to-distribution transformation can be obtained by introducing

Eqs. (11) and (12) into Eq. (15).

COMPUTATION OF RAOIATION IN DIESEL COMBUSTION

The present method may readily be used for analysis of radiation heat

transfer processes in combustors having jet flames. An analysis may be made

over the entire wall of the reactor to introduce the results to implement a

global analysis of the system heat transfer including convective and conduction,

heat transfers, which will enable prediction of the temperature distribution

.-. ~
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into and over the wall. When an unsteady combustion reactor is considered, e.g.,

a diesel engine, the analysis will have to be made over the entire cycle period

along with energy conversion process, as presently attempted in our laboratory.

Toe present section, however, considers the computation of radiation heat

transfer at a particular engine crank angle. Since more extensive results are

reported elsewhere [22], only a few computations are described here. Among the

assumptions employed due to the absence of either sufficient engine data or

suitable engine modeling are (1) the values of constants in Eq. (8) are F for
0

soot, H20, CO2 and burned fuel/air ratio, 8xO 6 , 0.01, 0.01, and 1.0,

respectively; the distribution constants, a, b and c are 0.6, 2.36, and 2 for

the above cases accordingly. (For example, the CO distribution in the plume
2

may be written as F = (0.01 Exp - [0.6(o/R) + 2.43(m/or) + 2.0(z/R)J), where

R-is the piston radius and or is w/(number of plumes), (2) other engine

details are, the surface temperature, 500K; the number of plumes, 4, the piston

radius, 4.92 cm; the combustion chamber bowl radius, 3.44 cm, and the fuel

composition C16H34, (3) the computation of the temperature distribution is

computed by using the equilibrium adiabatic temperature relationship to the

fuel/air ratio (e.g., using a new method [23]), etc. The computed radiation

heat flux is presented presented in terms of the following nondirnensionalized

terms: the normalized spectral energy, Q /Qbx' and the normalized directional

4radiation intensity, [(p,o,z)/Ib, where, Qbr : aTr, T = 2,4000 K, : Q1 '
b r r r b br''r

and a is the Stefan-Boltzman constant (5.670x10"8W/m2 K 4).

dShown here are the following case analyses: (1) the spectral radiation heat

." incident upon locations on the cylinder head along the axis of a spray plume at

r = O.OR, 0.5R and OAR (Fig. 3), (2) the normalized directional radiation

intensity streaming into the injection nozzle tip (p 0.0, , 0.0) 3lonq t.e

direction of zenith angle in the hemispherical volume Faced oy t. e tfi , ,

I



and (3) the normalized directional radiation intensity along the locations on

the cylinder head right above the axis of the spray plume in directions of

zenith angle, a 17.6, 60.0 and 76.7 in the hemispherical volume faced by each

location (Fig. 5). Without discussing the details of the results, one may readily 4ind

from the above illustration that improved radiation heat transfer computations

can be achieved by employing the present new coordinate transformation method

in its modeling.
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NOMENCLATURE

A band absorptance

a constant determining species distribution

8 radiosity

b constant determining species distribution

c speed of light or constant determining species distribution

e Plank's emission power

F species distribution function

f soot volume fraction or transformation function

h Plank's constant

I radiation intensity

k Boltzman constant or imaginary part of reflective index

n real part of the reflective index

Q black body radiation

*. radiation heat flux

-. . .* * ** . -.- . . - . * * . - - . . .. •



19. .

R radius of cylinder

T temperature

t time

v velocity

X component of cartesian coordinate X

y component of cartesian coordinate Y

a constant for plume injection speed

a reflectivity of cylinder wall

7,e,C components in spherical coordinate, C

e emittance

e angle of optical path with respect to normal

r volume absorptance

X wavelength

O,$,Z components in cylindrical coordinate, S

T extinction coefficient

4 transformation function

Q angular speed

Subscripts

b blackbody

d detector

g gas

in inclined

o constant

s soot

t total

... 7
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u unparallel
6
I 
-

X spectral

es optical path of solid angle
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Appendix-VII. A New Integral Function for Radiation Modeling
a

Vr. (Z2M. HEOT MM TFANSF 0735-1933/83/040329-05$03.00/0
Vol. 10, pp. 329-333, 1983 Werqgam Press Ltd. Printed in the tnited States

A USEFUL ZNTZGRAL FUNCTION AND ITS APPLICATION

IN THERMAL RADIATION CALCULATIONS

S.L. Chanq and K.T. Rhos
Department of Mechanical and Aerospace Engineering

Rutgers University
New Brunswick, Now Jersey 08903

(C=nucated by J.P. Harntt and W.J. Minkycz)

ABSTRACT
A new integral function has been discovered. The present function
is found to be useful in computinq the spectral emissivity of in
isothermal volume containing either soot or gaseous species, or both.
Examples of its application are discussed herein.

Introduction

In the application of the Planck formula for computing the energy radi-

ated from an isothermal source, it is necessary to find the emissivity of the

source. The emissivity, c, is expressed in terms of its spectral emissivity,

as follows

C C X F, bX T)dX/ d'r 4l

where E (T) is the Planck radiation function

27rhc 2

Eb), X 5(exp (hc/XdCT) -11

c, K and h, constants.

rn the past, the determination of c has been made for various radiating

sources by either experimental or theoretical means, e.q., for solid surface

(1], games 2,31, soot suspension in transparent gases (4,51, and combustion

products (6,81. For the computation of c of an isothermal volume with an

optical length, L, containing radiating gases and/or soot, the following

equation was employed (11
,,. -tc n

- ,, - 1 (2

329
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where oI is the spectral volume absorption coefficient.

Regarding the emissivity by soot, c, one may introduce eq. (2) into eq. (1)

to find

es -'a L E (T)d/aT4  (3)

Although significant progress has been made on the determination of K [3-81,

researchers have resorted to numerical methods in finding a solution of eq. (3)

with additional assumptions. A common assumption made in the past [6,91 is
dthe relationship, K ic 0f / A, where, x,, the constant; fv' the soot volume

fraction; and d, the number chosen close to 1. This allowed one to obtain the

final equation of emissivity including the hexaqama function

H(L) -- t4 'Lt/(l--t)dt (4)

where L represents the space variable. Consequently, the final equation was

numerically solved, e.g., using Simpson's rule [6,91.

The Now Integral Function and Aplications

The present paper offers an exact solution of eq. (3). The spectral ab-

sorption coefficient of an isothermal volume containing soot that was found,

by using the dispersion theory [4,5,71 and the Rayleiqh-limit. was introduced

into eq. (3). Zt was followed by a rearrangement to obtain the following

tidy equation

3
-2 - "- - dx (5)

where

x - hc/IKT
3 6 wn k KT

a- 2 f L - and
[n 2_nk2.2],.4.2 v ch

n~ink, the complex refractive index.

An exact solution of eq. (5) has been discovered by the authors in a closed

form by defininq a more general expression of indefinite inteqration, F(m,a,x)

F(nax) - - !.e'a.x. dx (a 1 0, m, positive integer)
ex -

_ jxme (a+l)x (1 .- x) dx

-S]
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nI0

r 0-(a+l) x -I dn~x z. 0 e

-. { *-(n+a)xxm 

n,,l

By using the Heaviside linear differential inversion operator, D, the authors

found

F(max) - - [ { ,(n 'xx]}

e-~ (n~a)x ~l m\

nal D-(n~a)

*(na)x - i

iOn+a

Finally, the indefinite solution was obtained as

F(ma.x) " ' (n+&)LL x3 Ll3  (6)
n,,- i-O (=i-' l)

where r is the qamma function defined as

r(mi) - m(m) and r() - t.

The definite inteqral in eq. (5), therefore+, becomes
X2 -&X m

a xf2 x dx - F(m,a,x) - F(m.a,x2). (7)

tn fact, the solution for the hexaqamma function, eq. (4), can be readily

found as

R(L) -- [F(4,L,0) - F(4,L,-)].

The new solution can be conveniently used even in the computation of the

gas emissivity, that empLoys the use of the band model (2,61 to have

- -- -~- dx. (8
!,i 4 )band i cx-I

Although the solution of eq. (8) may be approximated by using tabulated vajues

of Debye functions [101 or other approximations (11], the new solution,

eq.(G), offers a more convenient and accurate result, L.e.,
IS.

- [F(3, O,x F(3, O,x, %€ i " 4 U i)

7.-
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Here, u and 1 indicate the upper and lower bound of the band.

In addition, it was found that the new solution enables the authors to

construct an extensive three-dimensional model of radiation in diesel combus-

tion as long as K in eq.(3) is known in terms of L.
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Nomenclature

a function defined by eq. (5)

c speed of light

D Neaviside linear differential inversion operator

d number chosen close to 1

F bX Planck's spectral black body radiation function

F indifinite integral function defined by eq. (6)

f soot volume fraction
V

9 subscript denoting gas

H hexagama funciion defined by eq. (4)

h Planck's constant

K Boltzmann's constant

L space variable

m positive integer

n.ink complex refractive index

s subscript denoting soot

T temperature

t variable used in eq.(4)

x variable defined by eq. (5)

C emissivity

r gamna function

a Stefan-soltzman constant

K. spectral volume absorption coefficient
X

C 0 constant
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BLACKBODY RADIATION FUNCTIONS

S.L. Chang and K.T. Rhee
Department of Mechanical and Aerospace Engineering

Rutgers University
New Brunswick, New Jersey 08903

(Crmunicated by J.P. Hartnett and W.J. Minkawycz)

ABSTRACT
The present paper reports an exact solution of the fractional
function of blackbody radiation. The new equation is expressed
as

~AT Eb (T) -fi ~ 3 2' 6
F d(XT) - --n (x 4- n

oX 0 T 5 n. n 2 n3

where x- hC /AkT.0

Introduc t ion

It is often necessary to calculate the fraction of the total radiation

emission from a blackbody that is emitted in a given wave length interval or

band. This fraction, for a given temperature, T and the wavelength interval

from o to X, may be expressed as

i X
Fol. dd(xT) f(AT) (1)J E dA OT

451
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where, E is the Plank radiation function

2wh C
2

) ,exp(hC0 /XkT)-I]

C, C, k and h are constants.

Due to the unavailability of an exact solution of eq. (1) in the past

and its frequent uses in radiation heat transfer computations, FoXT has

been numerically obtained and its tabulated values for different XT are found

in most of the fundamental heat transfer textbooks. In acdition, for the com-

puter solution of various types of radiation problems, Pivovonsky and Nagel [2]

and Wiebelt [3] have presented polynomial curves fitted to the function, e.g.,

-my
F -- -- ([(mv+3)mv-6]mv+6) for v > 1,

2  4  6  8

15 3 13fIF_, L . = _ 2E( + v + v vfov<2
=-X - 8 60 0 -45 27-2160 13305400.

SC2
where v Z 7 and C2 - 14388 wm.K.

The New Blackbody Radiation Functions

The present paper reports an exact solution of eq. (1). The solution has

been derived by a direct application of the new integral function that the

authors have recently presented demonstrating its usefulness in thermal radia-

tion calculations. The reported integral is expressed as (4]

2 -ax m
e -x dx= F(m,a,x1 ) - F(m,a,x2 ) (2)

xl eX-I

. na~ r (+ ) a)x=-i] } ,-
where, F(",ax) n e r(m-.l)

n-l il

r(m+l) -mr(m) and r(l) - 1.

V..-.
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Since the speed of light, Co . vA, where v is the wave number, eq. (1)

can be rewrittel as

F AT J .A d(IT) 1 E~ bo. dv(3
0X fo T 5 aoT4

where, F [eZi)hv3

And since fo Ev dv/T 4  1, by using eq. (2) with m- 3 and a - 0, we find

d k JX x dx

OT C h o ex-i0

4 =

2h3 • • --

cC h) n- n
0

4 4
- 3! --- I

c 23 90

2 ir5k 4
0Hence, - •z-~ (4,)

1.5 2 23

The integral in the righthand side of eq. (3), therefore, can be expressed by

using eqs. (2) and (4), with x 1 hC 0 /XkT. as

f v bv dv L5fx 3
o -dv - o e d-

4 4 j"
ocaT ! oe-i

-nx 2

7F n-i n n

Finally, from the relationships in eqs. (3) and (5), we find the exact form

of the fractional function of the blackbody radiation as

I..
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* F 15 l -nx 3 3x ? 6x 6" Po-) 5T " -- --- (x+- +"-"+- ) ] ()'
fl it 4 n n n n

where, x - hC /XkT.

Figure 1 demonstrates the convergence of the new blackbody functions with n.
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I/x '.-

0.2-* ~.
R.-)

0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 IB 2ID

I /x

Fig. 1 Blackbody Radiation Functions
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Nomenclature

a function used in eq. (2)

C0  speed of light

EbA Plank's spectral blackbody radiation function

F integral function defined by eq. (2)
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FoXT fractional function of the blackbody radiation

h Plank's constant

k Boltzman's constant

m positive integer

n variable used in eq. (5)

T temperature

x variable defined in eq. (6)

r gamma function

0 Stefan-Boltzman constant

x wavelength

V wavenumber
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4 Adiabatic Flame Temperature Estimates of
Lean Fuel/Air Mixtures

S. L. CHANG and K. T. RHEE Department Of Mechanical and Aerospace
Engineering, Rutgers University, The State University of Nlew Jersey,
New Brunswick, NJ 08903

(Received W(IY 6, 1983. rit final fin M.u) 20, 1983)

Abstract-This paper reports new formulas of adiiabatic flame tcrnpcraiure. They arc f"unctionjilk
expressed in terms of fuel/air ratio, reaction prcsSUre. and the number Of Carbon atoms in the
individual fuel. Among the fuels presently considered fur the formulas are members of rParailin.
aromatic and olefin fanmilies, acctyleinc. alcohols, and hvdrogcn.

INTRODUCTION

The combustion reactions in many air-brecathing engines take place at high tem-
peratures. When the energy released in such reactions is completely used to hecat
tile combustion products, the product temperature may attain the highest level. At
such a temperature, however, the combutstiotn products dissociate into fracttons of
moleculc. e.g., atom and ree radicals, by up to several percentage points. Since thle
dissociation reaction is highily endlothcrmic. the processes substantially lower the
flame temperature, consequently achieving the equilibriunm adiabatic name tem-
perature, Ta.

NASA-Lewis pioneered the computation of T, and thermodynamic equilibrium
composition of combustton products of various fuels (Gordon and McBride. 1971 ).
Among the same computational aipproaciics taken by others for the -quilibrium data
of gaseous hydrocarbon-air systemis are those for modelinig the combustion processes
in internal combustion engines (Olikara and Borman. 1975) and For computing
radiation heat transfer in diesel combustion (Chang and Rhee. 1983). In computing
the equilibrium data of a specific fuel-air system. clcetie gaseous species were con-
sidered beside the fuel, including seven dissociation reactions with known individual
equilibrium constants, a stoichionictrie equation and an energy equation. Due to
the highly nonlinear nature of the problem, the solution was numerically found by
using Newton's iteration method (Gordon anld \lcl~ride. 1971 ;Olikara and Borman,
1975). Although the authors emiplo~cd a ne\% numerical method for the solution
that substantially reduced the computation timie. one ol' the miore time-consuming
steps for a recent report (Chiang and Rhece. 1983) was still that for finding T, at each
nodal point with a burned rueliair ratio in thle combustion volume. In order to
simplify thle computational process of T, in their more ini\ol\ved on-going compu-
tational model of diesel combustion, the authors have developed simple formulas of
T, for various fuel-air systems.

:03
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NEW FORMULAS O1: ADIABATIC FLAME TEMPERATURE

This~ paper reports thve nea% turin tila,, ol'T, for an indi% iduaLI I"tIi I ly of Iuels eXPreCSSed
* in termsN ofthe tfucl airI ratio and tile reaction pressure. The formulab %%erc determ inied

by uNIOUg tile leas1-squares iniethOd for1 computed1CL results obtained fromi tile above-
mentioned methiod iti '%ariatioi 01' ILuelI usstate), fuel air ratio, and pressure.
Note that thle prese.nt formulas niay not be usbeful for t hose beyond ticle [an l1am-
mabil itv because thle (lameI does not virtual ly exist In tilie miixt ures. and that lie
f'orniulab Ior hose richecr t han stoichionictric are not considered due to tlie unavailI-
atbility of the equilibriuim dissoeiation equations for sueli mixtures. Tile new formula
of' 7', of a fucl-air systen Ieatier thani stoiecivinctriC Linder reaction pressure. P. is
;exprcssed as.

T, a(l - b -nb- (idJIK)

where a = it - a . In( P A.)
6= i -2 I n( P I,)

(. 111( P'PO)
Fuel .olunie fraction

(Fuel volumec fraction l-c
Po I atmn

ai. bi... arc coefficients of each Iamilvy Of fulCs given in tlic following.

-i 2295.0 + 9.5 tnon - 0.99)
a. 13.2 + 0.7 ln(,i - 0.97)
/) 0.544 - 0.0019 InOn - 0.99)

b, = 0.0 18 - 0.0009 1 n(u, - 0.96)
c= 0.070 - 0.003 tn~t - 0.98)
c-= 0. 0169 -0.0008 111(,, - 0.9 7)

2) 01dmi family. CH,,, (2 <- 1 6)

a,= 2377.0 - 17.9 hII(It - 1.85)
a,= 19.9 - 1.4 In(n - I1.89)
=t 0.51' + 0.0085 ln~t - 1.89)
= 0.025 - 0.0014 mInO - 1.86)

CI= 0.035 - 0.0083 In(,i - 1.89)
C,= 0.023 - 0.0013 In~i - 1.66)

3) Aromatic family. C.1-1-2, G ( 6 <- 2 2

al = 2378.0 - 15.3 In),, - 5.361
a2 - 21.0 - 1.6 ln~r - 5.29)

b,= 0.518 -~ 0.006 In(,, - 5.51)
b,= 0.027 - 0.002 In(,, - 5.24)

= 0.034 ,0.008 I nt - 5.38)
= 0.025 - 0.0016 In(n - 5.27)
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4) Alcohol family, C,,H.,, 10H (2 < n < )

, 2153.5 - 60.2 In(n - 1.51)
-0.5 - 5.2 (ni(t .11)

= 0.641 - 0.030 In(,, - 3.4)
b.; = 0.0004 - 0.0066 In(i - 0.02)
cT = 0.193 - 0.041 In(n - 3.5)

= -0.0002 - 0.0066 In(n - 0.09)

5) Hydrogen. H.., 61 Acctylcnc. C-H..,

-=2412-2 = 2562.9
a, = 17.9 u., = 42.3
/I = 0.473 hi = 0.390

b-1 = 0.021 b = 0.0420
= 0.0217 = -0.0819
= 0.0191 c.., = 0.0379

A comparison of computed T, and approximated T, by the present formula ()
pararlnn-air systems at reaction prcssure of 100 ati can be wsen in Fiu'e I. hi
almost all the cases with the formula. the discrepancy bct%%cei tile t"o sources of
value %as less than one percent. Tile formula enableN one to find tinc adiabatic IltinC
temperature of a wide range of fuels, fuel air ratio, and reaction prcssurcs even b,
using a simple pocket calcutlator.

2400 1 I i .

a; Computed, MRI
Approximated, n I

2200 Computed, n.8
--- Approximated, n-8 ool
-- Computed, n- 16

E Approximated, MR16
i.2000

E

LL. 1800
.2

1600

0
0 0.6 0.7 0.8 0.9 1.0

Fuel Volume Fraction of Stoichiometric
FIGURE I Adiabatiic lame tmperalUrc of parallili faI.ii -. l 1. 05 tl ,n 1 Iul ,l11

ratio and number of carbon atonis of fuel for reaction prcssurc of 100 .r

* . . . .,.
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Xev Cie f. Alcohol Iluniilv (,.OI 2 :. it - A)

_573 I kt 2276.8 + 12.6 In(/t- 1.51)
4_1 q u.12.65 -1 1. 147 1ln(n+O0. 1 It
0 17.4 h, =().4677 4 0.0261 In(n -3.4)
0I439 Ii.0.0 173 -- 0 00 13 1litoi 0.02)

(11.094N '0.0272 4 0+0 122 hipt 3.5)
-i00186 . 0 I63 .LO0(K)l 1 1 1(11 *v 0 009)
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Empirical Equations For Adiabatic Flame Temperatures
For Some Fuel-Air Combustion Systems

K. T. RHEE and S. L. CHANG Department of Mechanical and Aerospace
Engineering. Rutgqers, The State University of New Jersey. New Brunswick,
New Jersey 08903

(Received Mfay 2, 1984: in final form Jne, 6. 1984)

Abstract-A new simple formula for calculating the adiabatic flame ternrcrature of fuel air
mixtures has been developed. The formula is usable in a wide' rangte of both fuel and reaction
variables. Among the fuels considered for the formula are members of the paratfin, aromatic.
olefin and alcohol families, and hydrogen and acetylene. The formula is functionally expressed
in terms oft he fuel air ratio, the reaction pressure, the initial iwioure tenmperature and the number
of carbon atoms in the individual rucl. By usinig ihe formula. the adiabatic Ilame tcmperaturc for

* a designated fuel and reaction condition "an be found within an accuracy of one percent.

INTRODUCTION

*The computation of the equilibrium adiabatic flame temperature is often performed
* in the analysis or various airbrecathing combustion devices. Duc to its complexity.

however, researchers have resorted to computer operation for its computation in
the past (Gordon and McBride, 1971: Olikara and Borman, 1975; Chang and Rhee.

* 19831. The computation for a typical fuel-air system considers eleven gaseous
species besides fuel. in simultaneously solving the following equations: seven dis-

* soctatton reaction equations with the respective tiemperature-delpendent equilibrium
constants; a stoichiomitric equation and an energy equation.

In spite of a considerable reduction in computer time by the use of a new numerical
* method for the solution, one of tEli More time-consuming steps for a recent paper

(Chang and Rhee, 1983) was still that for Ii ndile the adiabatic flame temperature in
each nodal point with a burned fuelair ratio Itn the combustion volume. In order
to fa- cilitate its involved computation. the authors rccetitlv introduced simple formu-

*las for adiabatic f'lamec temperaturec estimates5 (Chang, and Rhee. 19h3i. They are
expressed in terms 01' fulC air ratio lenterine at 298 K 1, reaction pressure, and the

* number of carbon atomis in the individual f*uels. For a similar goal. graphs for adia-
* batic flame temperature of hydrocarbon fiicl-air MIXture's were introduced by others

(Glassmain and 0ark. 19831. As a cotitinualion (it tht: previous enideavor. the authors
have developed a new improved formutla for adiabatic lame temperature which
additionally Includes the Iitial reactant temiperalture- as a variable and generate
More accurate results. In addition, as an exploratory procedure in the development
of More accurate and conbistent lormulas of adiabatic l1ame temperature, factors
controlling tile tetiprerature in the First Law relation were reviewed. Some indines
seemn to be worth reporting, along with the newly developed formula.

4diabatir Flajite Temperature of Fuel-Air ComtA ioit
* It is generally expected that the energy released in a combustion reaction is best
- represented by the adiabatic flame temlperature tGaiydon and Wolfhard. 19701. In

75



76 K. T. RHEE AND S. L. CHANG

the calculation of the heat of reaction, as a convenient and logical procedure, the
heat of formation at the standard state. . of chemical substances arc used.
To a good approximation, in many cases, it is possible to determine All ..X of a
molecule by adding the energy of bonds forming the molecule. The heat of reaction
(or heat of combustion), Qp,, of a fuel may be determined by using AH', 98 of sub-
stances involved in the reaction as follows

- = " y;(AH2') - y (--H:.,9)j. (I)
i-products -reactants

For a closer look at the above relationship of common fuels, the molar quantities
of =WH , and Qp at a reference temperature of 298 K are plotted againsr the number
of carbon atoms, ,, in individual fuels as shown in Figures I and 2. respectively.
A brief look at the Figures and Eq. (I) shows, although not ncw, that All'. of
fuel is much smaller than the corresponding Q, in magitcude and that for the respect-
ive fuel family there is no mutually comparable trend between AH! ,M- .nd
Q-:V, relationships. This indicates that AH 2.) for fuels may no( play a grcat role
in determining the adiabatic tlame temperature. T, For the purpose of comparisonWT

* Acetylene
50-
40

30
Aromatic

E Oletin
E. 10-

Y_ 0_
Hydrogen

-10-
0

-20-
-30

-40
o Alcohol

0-

-60-

-70

-80"

* -90
1 2 3 45 10 15 2030
Number of Carbon Atoms in Fuel

FIGURE I Molar hcat of formahion oi fuck. i. nrtmbcr of .a io,n. ji,,

',,
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Y- (Liquid Water in Product)

~3.0-

~2.5-I

Aromatic
C 1.5Olefin

1.0 Paraffin

0-

0.5 Acetyten

Alcohol
o Hydrogen
1 2 3 45 10 1520 30

Number of Carbon Atoms in Fuel

FIG LREZ Molar heat of combustion oifruci-air vs. numbecr of c.arbon atonis in (1u10.

and then finding the possibility of using Q, as a param~eter In the new formulas of
7, the reiationship of Ti, to NV, is reviewed for fuLel-air mixtures (ininally at 298 K

.id reacting at Iacrm I at a Cuel volume (raction of stoicllhimtric. hA = I Oin addition.
:,)r alcohol. -,-0,75), as shown in Fic.ure 3. Puattina aside thc miutual irrespectivity

* ~ et\wezn the AH ,9- V, and T,,-.V, relationships, thle similar irrcspcctivity between
hie Qi,- V and T,1 Iv relauionship could be surprising. But one soon linds that Q

TiJ% riot -ie a proper ;ndicator Ior T, by recoaniLiniz that Q, Is used up. in a hig~hly
ionnnear manner, in heating the products and thle enidodieriic dissociation reaction

H , ji)-A~Ri- vfH r, - H All') ~I..ii, , (2)
-products j-reactants

.n ere T nidicates the initial temperature of reactants. I thle numbi er of motes oit
--.icn species. and Q, becomes icro in al equilibrium11. Further. since thle analysis of
: he open thermodv nairic svstems IS mlore eonseniently performed by isie massO
herniod\ naiim c quaintities than molar basiS, hie mal.SS qitit ies of A// II - and O',
iij t)e -orih Iin~ sti t i n as showni in FiLcures 4 and1. 5. L ilike thie Ii it tert-held
not on t hat AH --i rna not well represent T,. it is rather une\pected to hind a 1ur ulKI

1mi1I1artv in the trend c- istine between the A// ;as V, and T,,-.V,. relaition-
10ps elcept lor the al1cohol fuel fai mitv: no suebh trend C\ It s bct\%cefl thle ,hius-

ind T1-.V. relationships. Although there is no0 e\pklnationl that Canl be C nor the

- .7 :2
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34. M-, (Liquid Water in Product)
Hydrogen 298K
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Acetylene
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FIGURE 5 Mass heat of combustion of fuels vs. number of' carbon atoms in fuel.
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FIGURE 6 Effect of fuel'air ratio and reaction pressure on adiabatic tlamc tcrnreral tre.
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unexpected mutual similarity, this trend seems to support choosing A H _qias a
parameter in the construction of Ta,-graphs introduced by Glassman and Clark (1983).
In search of a propcr formula of T,. however. the close relationship of _W II to
T, found in the present study is not used due to the inability to include the alcohol
family.

In parallel with the above-mentioned approach, an extensive parametric study of
T, has been carried out for the following major variables by the numnerical method
for T, mentioned earlier: the fueliair ratio-. the reaction pressure and the initial
temperature of reactants. and the number of' carbon atoms in individual fuels.
Some of the results are summarized in the following forms: adiabatic flame temn-
perature vs. fuel volume fraction of stoichionietric at varied reaction pressure
(Figure 6); adiabatic flame temperature vs. Initial mixture temperature for rep-
resentative fuels at reaction pressure of I atmi (Figure 7): and adiabatic flame temi-
perature vs. reaction pressure with varied initial mnixture temperature I Figure 8).

2600- C Ht He

sHO
S2500-

230 -

E-

* 0 ,' CsH@. ox.7

00

1900 0latin.)

*0 300 400 500 600 700 800 900
Initial Mixture Temperature, K

FIG URE 7 Adtahiiic namec ieniperature of' djriouN rLICk (%11 1)ii rkc.141i i '11,111

nin1(a) rnIXLre ICmTpcraiiirc.

Among the Important characteristics of the rcsultS. .il re.idV \ACII k noin .ifc the'
foillowing.

I )The higher t',c reaction rcssurc. thel' ifIciihe 1C h~i IJ111;I1k 1111Cmli IC

This 1s d tie to the iuorc re\ erse ot' U s ocij tioni rc~ic: on, C).wg m 'id R cc :

.- . .
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- --- Acetylene - ,500 K
% 2SOC--Propane - <-_-400.

2-30

T, -500 K
0.0
E2400300

40

E 0

S20 0  *.Q7O

o 400
______________ 00
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Reaction Pressure, atm.

FIGURE 8 Effect of reaction prcssurc and initial mixturc tenmperature on adiabatic nlame
temperature.

higher reaction pressure, in particular,

Co2 - Co - 40.1
H 20 , 2- 0

j2- H
J102- 0, and
j.N2 -N

2) The higher the adiabatic flame temperaturc of the mixture, the greater the effect
of reaction pressure on the temperature. The citcect is greater because or the greater
tendency of dissociation at higher flame temperature.

3) An increment in the initial mixture temperaiture h'v _ T is reflecied inI the adia-
batic flame temperature b'v an amount much smaller than _ T. this tendenc, is arcater
in higher initial mixture temperature and lor mixturcs wvith higher 'lame temperatr
This is explained by the greater ,cndenc,, ol dissociation at higher flarmc temperatures.
and the change in heat capacity with temperature and composition.

A careful review of results (refer to Figures S. 7 and 81 revealed that thec adiabatic
flame temperature could be cxpressecd in termis of the above-mentioncd major %,iriahles
by using the least-squares fit method, as ,imilarly attempted by the present autlhors
(Chang and Rhee. 1983). The main task lor this %as to Identify its equational form,

.Vet- Formulas (or 4dciabatc F/aime Tomnu'ratrurc

The search for new f'ormulas for T, or fulC-a!ir " stem was made I in110 UIt ad 1a1
to meet the following requirenien is. I I I a sin ie Corm o1 equal ion, cons enienf

%S1 D
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and easy to use; (3) accuracy within one percent; (4) applicable within the flammability
limit of individual fuels but leaner than stoichioinctric; (5) applicable in the range of
initial mixture temperature from 298K to the self-ignition temperature of individual
fuels, (6) applicable, at least, in the range of reaction pressure from I aim to 100 atm.
and (7) mixtures in gas state.

Upon performing a considerable amount of computational work in correlating T,
to the previously described main variables, largely through the trial and error
approach, the authors have found the following equational form which offers a
considerable flexibility in use and to meet most of' the abovementioned requirements.
The new formula of T. is

T,, = A1 -,-, In 6- -.3(ln ,b)2], (3)

where

, = All -.A4,2 In P .4f3 ln P)2 ( I. 2, 3) (4)

Al, = .411+.Aji- z- In T- .4,,3(In T) 2  (j = 1. 2. 3) 15)

Ailk = .4ijkl-.42 In .V- 4,a(In V,)2 (k = 1, 2, 3) (6)

T,, the estimated adiabatic flame temperature ('K)
6, the burned fuel volume fraction of stoichiometric
P. the nondimensional form of reaiction pressure (p) defined as P =p' I atin, and
T, the nondimensional form of initial mixture temperature (T,) defined as
T= Ti298 K.

The correlation coefficients in the above equations were determined for the
following cases to otter more convenience in use: (I ) for individual fuel families
(0.5:6 1.0); (2) for hydrogen with fuelair ratio ranges. 0.14 _<,b<0.6 and
0.6565 1.0. respectively; (3) for acetylene with fuel air ratio ranges. 0.31 <,b<0.6
and 0.6:56:5 1.0, respectively, and (-4) for individual fuels with rcspective fucl/air.
ratio ranging from lean ilammability to stoichionetric. For the sake of" convenience
one could use one of the coeficient matrices for individual fuel C'amilies in Table I
instead of one for individual fuels in Table II, or vice versa. Note that if the coef-
ficient matrix in Table 11 is used, Eq. (61. which implements the variation in the
number of carbon atoms in the fuel, is not required in the computation, making it

simpler. In addition, the coefficients for lean mixtures of hydrogen and acetylene
fuels are zero since there is almost no effect of the reaction pressure on T, for the
cases.

Use of New Formulas for Ta Estimate

Complex as it may look at first glance, the use of the coefficient matrix for com-
puting Ta is relatively simple on a pocket calculator as vell as in computer coding
as a part of combustion modeline. In order to ftniiarize oneself with its use. the
typical combinations of fuel air ratio and reaiction condition are ,,ummarized in
Table Ill by 'isting the coetlicients needed !Or each case

I' is exaected that the use of the present !'oriulas for the '1, estimate will help
acihtate various analses of air breathing ,:ombustion ,steirs. It ill he usef'ul !n

", : % • "- -'•"• -"•, ..- . , ..*. =. . . - . " . " "..' - .- * j. *. . .~
,t" ,, .e . " . . . . - - " " - . . . . . . .. . . .. .. . .
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a wide range of applications since the formula is expressed in terms of the major
variables determining Ta: the fuel/air ratio, the reaction pressure. the initial mixture
temperature, and the number of carbon atoms in individual fuels. The accuracy of
the formula may be as great as one percent at either of the lower or upper limits of
fuel/air ratio considered for the formula but much smaller otherwise.

TABLE III
Coefficient matrix needed in individual cases

Mixture Use of
and matrix Coefficients of fuel Coefficients of individual
reaction cond. family in (l-(IV) fuels in (V)-(VIl)

0-l.0, p-I atm, Attu1 (k-I1. 2. 3) All,
T -298*K

0-I.0, P-I atm, A I I,(k -1. 2. 3 I 1'. 2. 3) A A- -- 1,2. 3)
T, 1 298*K

T- 298*K

T *298*K 1-1,2.,3)

0;10 P- I atm. Atitii.Atti. Aiiij Aiii U= 1. 2.3)
Ti- 298*K (1- 1. 2,311

001.O. p-l atm. Aiiki -1,2. 3: k 1.2. 3, AtIia.(i. ~I2 3; k l..2. 3)
T*298*K 1-1.2.3)

Tt -298*K 1-1,2.3)

40I.0, p*1 atm, Atlbi (U,j, k. 1- 1, 2.3) Aijk(U. j. k -I, 2. 3)
T*298*K
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Appendix-XH. A Parametric Analysis of Radiation Heat Transfer in

Direct Injection Diesel Combustion

S.L. Chang, X.L. Yang and K.T. Rhee
Department of Mechanical and Aerospace Engineenng

Rutgers. The State University of New Jersey
New Brunswick, New Jersey 08903

ABSTRACT In order to properly evaluate the space-

resolved nature of the radiation heat transfer in
Radiation heat transfer in a direct diesel combustion, it is important to determine

injection-type diesel engine is investigated by a the instantaneous In-cylinder species and
computational parametric analysis for various temperature distributions. It cannot be
engine and combustion variables. A new model has overemphasized that an assumption of uniform
been developed to compute the spectral radiation species distribution In diesel combustion is
heat flux incident on various locations in the incapable of properly evaluating the spatial
combustion chamber and to incorporate it with the dependence of heat transfer. Such space-resolved
spectral emissivity of the chamber wall surface, distribution data, which may be found by using
The model mainly differs from previous ones in either experimental methods [1-3] or computational
several ways: (1) it uses the in-cylinder species means, presently are not sufficient for an
distribution; (2) a new coordinate transformation extensive analysis of the radiation process, in
method is introduced, instead of using geometric particular, for a parametric study of the process.
factors or the zonal method; (3) it computes the As an alternative, a plume equation which seems to
spectral volume absorptance of the combustion reasonably express the instantaneous species
products through optical paths; (4) a new distribution has been introduced for radiation
formulation and integration method are employed heat transfer analysis as (4),
for the governing equation of radiation heat flux; 2 2
etc. The main purpose of the present paper is to f a f0 exp(-ao-b2 -cz2) (1)
report some of results from a parametric analysis 0
carried out by using the new computational model. where f represents the local burned fuel/air ratio

or CO2 or H20 concentrations, etc., and fo, a, b,
c are the ones to be respectively determined at

A NEW MODEL each engine crank angle by using the above

mentioned methods. For simplicity but perhaps asA better modeling of radiation heat transfer one of the only presently available alternatives,is desired for a more comprehensive analysis of the burned fuel air ratio may be used for

thermal loading of a diesel engine. A rigorous computing the instantaneous local temperature
way of computing the radiation heat flux incident distribution [5]. The above plume equation enables
on a particular location of the combustion chamber one to choose plume geometries of varied species
wall will be Implementing the equation of distributions. Therefore, the above equation can
radiation heat transfer as accurately as possible. be used in a parametric analysis of radiation heat
The equation calls for the detailed distributions transfer in a combustion chamber when one chooses
of optical and thermal properties along individual plume details as independent variables, i.e., by
optical paths in the hemispherical volume faced by varying values of the constants in the equation.
the location. Several difficult issues remain
to be overcome in achieving the above goals for a Even though the in-cylinder species
long time. They are the proper use of the distribution is given, very likely in a coordinate
in-cylinder species and temperature distributions system with respect to the injection nozzle, it is
in the modeling, the computation of optical and needed to find the species distribution along the
thermal properties of the species along the optical paths centered at the location of which
individual optical paths, the accurate incident heat flux is sought. Because of its
implementation of the equation of monochromatic complexity, simplified methods have been employed
radiation heat transfer, to name a few. Each in previous radiation computations; uses of
problem Is discussed elsewhere by proposing the geometric factors (5,6), zonal method [7), etc. A
authors' solution. However, a brief description new coordinate transformation method is introduced
of the authors' methods for the individual for finding an accurate species distribution along
problems are made in the following. Note that the each optical path centered at individual locations
main purpose of the present paper is to report over the Combustion chamber, when the in-cylinder
results from a parametric analysis made in the distribution is given with respect to the nozzle
present numerical method, which are not included hole (8). A short summary of the method is given
in others. here: Referring to Fig. 1 which Shows plumes

167



distributed in a cylindrical coordinate centered finding radiation from both soot and gases
at the nozzle hole, R, one wants to find the respectively: Rayleigh-limit expression and the
species distribution along an optical path faced dispersion equation are used for finding the
by a particular location on the wall (called a monochromatic volume absorptance of soots 15,9]
detector for simplicity's sake), 0. and the non-gray semiempirical band model proposed

by Edwards and Balakrishnan [5,10) is employed for
A new equation was derived for this purpose computing gas volume absorption. The summation of

as shown in the following (Fig. 1) or for a given radiations from both contributions, et.,, are made
property distribution with respect to the nozzle equivalent to Et * i-(I-c, )( -lcsx), where
as shown in Eq. (1), the property distribution E A and Cs.X are the spectral emissivity due to
along an optical path (r,e,c), s, is expressed as, tie presence of gaseous species and soot,

respectively. Notice that the monochromatic
property variation is a function of the distance

Nozzle R(x,.x2.xl) along each optical path. Regarding the equation
,//i/./t / ,,of radiation heat transfer, the following equation

was derived. In reference to Fig. 1, when the
Plume! .-- rK--..u e distribution of the total volume absorptance,

" . "Pumel C (r), is found, the governing equation of local

\l -,directional spectral radiation intensity, 1I(r),
__, is written as

5(oi \_ Detto0 
1

(r )  - eb" (r')exp(-! <,(r")dr'dr'C) %a 0 • \Otector r J bxr

"'- The heat flux along an optical path of a solid

angle (e,;) in the thermal radiation range may be,
then, found from

- i1,(o) cose dA (3)

Fig. 1. A Schematics of Flame Plumes where <X is the spectral volume absorptance at

in a Combustion Chamber (r,9, c). Combining Eq. (2) with the above
equation, a better implementation of its
computation has been made by using Gaussian

2r integration method [I1.

S - d e (2) Due to the repeated computation of the

where, adiabatic flame temperature based on the local
burned fuel/air ratio along the individual optical

-(a 1 -b2/4c 1 ) paths, a convenient way was sought to find the
(a f b e temperature values. A simple form of equation was

d v developed in a direction of its proper coupling
with Eq. (3) for facilitating the subsequent

rc * b1/2c1  solution. The new equation of the adiabatic flametemperature, Ta, is functionally related to
1/2 several variables, i.e., the fuel volume fraction

rV (c) of stoichiometric, \, the reaction pressure p, the
initial temperature of mixture, T, and the number

a *a z 2 of carbon atoms in the fuel, 1, as shown in the
I d d d following C12]:

b -(ao1 +bo 1]sin /od + 2c zd cose Ta " A 1[+ A2 ZnA + A3(LnA)
2 ] 0.5 < < 1.0

(4)

cI * [ao2+bo]sln2e/Od * c cos2  and oi and where Al, A2 and A3 are functionally expressed in
*i (i - 0,1, and 2) are second order terms of p, T and I. The constants in those
polynomials expressed by using Taylor's expressions for most of practially used fuel/air
expansion in terms of x - rsin 5/-d, r, systems are given in the above reference.

8, and the plume angle Oin (refer to
Fig. 1). In addition, the spectral surface reflectivity

is Incorporated with the spectral radiation heat
Upon the determination of the species flux incident on each detector over the combustion

distribution along the individual optical paths, chamber wall. By defining the extinction
the "radiation heat flux incident on the detector coefficient, T, along the optical path and giving
through each path is computed. In order to achieve the spectral surface reflectivities, and :2
this, the following two steps have to be taken, (see Fig. 1), the radiosity of the surface 1, 81,
i.e., to compute the thermal and optical is expressed as
properties of the species and to implement
integration of the equation of radiation by
combining all the above results. The computations
of optical properties along each path were made by
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iTcosele t (i 2 + 2 cose2 1o) Location of Detector ( ,do 1d,Zd) •  A
(+ ocSelI op )+X computation was carried out for heat fluxes

case e-ZT through the locations on the cylinder head across
1"sx 1sx2cosec 2  a plume at ad 0.5 and along the direction of a

(5) plume axis (Od 0) and their results are shown in

where I~ C ~oT 1  1,2) and 8 Figs. 2 and 3 respectively. The trend shows the
C radiation flux quite similarly follows the species

PARAMETRIC ANALYSIS OF DIESEL RADIATION HEAT

TRANSFER t,. 0.10 I

Since the details of instantaneous in- 8 -Net

cylinder events are not known due to either the C ... "No Reflection

insufficient experimental data or the limitations o - Spray Plume
in combustion modeling, several assumptions are -,
taken in the present computational analysis. The - 0.06 -..
main assumptions are: (1) the system for each B
computed entity is isolated; (2) the species in .
the system attains an equilibrium at successive 0.04 -..
moments; (3) the temperature distribution is that C" " i

of the adiabatic flame temperature determined by
the burned local fuel/air ratio and cylinder 0.02 .,

pressure; (4) the fuel is injected into the a
combustion chamber at an inclined angle, ain 0
150; (5) the scattering In the radiation is Z 0 , I
negligible; and (6) the standard values of
constants for convenience of comparison in Eq. 0 I0 20 30 40

(1) are, fo for soot, H20, CO2 and fuel/air ratio, Defector Location in Angular Direction,
8 x 10-6, 0.01, 0.01 and 1.0, respectively. In
addition, the distribution constants a, b, and c Fig. 2. Radiation Heat Flux Through a
are 0.6, 2.36 and 2 accordingly. For example, the F 2 ain Hal Alux throughal
fuel/air ratio distribution, may be written as ' Cylinder Wall Along the Axial
.. ,1.O exp -[O.6(o/R) + 2.43(0/8 r ) + 2.0(z/R) 2J), Direction of a Plume
where R is the piston radius and ir is /(the
number of plumes). Further, the analysis was made
for the following engine details; the surface ,
temperature, 5O0"K; number of spray plumes, 4; I- 0.14
piston radius, 4.92 cm; combustion chamber bowl N
radius, 3.44 cm and the fuel composition, C16 H34 . 0.12 .. Noelci

C.... -....... .. - Spray Plume.

The computation was carried out to evaluate 2 0.10 .
the following: the apparent emissivity (or "
normalized radiation heat transfer), Ca • q/qr; Q08'
the spectral emissivity (or normalized spectral X
radiation heat transfer), c- q /qr ; the 0.06
spectral apparent emissivity (or normalized a0
relative spectral radiation heat transfer), "a
q/qwhere r T 2400K; r 6. m; 0.04 .....

and a • 2,5 k4 /15c 2h3 , c . .g9g8x1O1 0 cm(tec, h -
6.625x10

"2 7 erg-sec, and k a 1.380x10"o 0 erg/K. E 0.02
Additionally, in order to evaluate the effect of a

the presence of the combustion chamber wall on the 0 i -

radiation, three different computations of heat 0 QL2 0.4 0.6 0.8 1.0
flux were evaluated (as shown in results): Net, Detector Location in Radial Direction, P,
computation of radiation on heat flux through the
wall with inclusion of the emission of the spray
plumes, the absorption and emission of the wall Fig. 3. Radiation Heat Flux Through a
and the reflection from the surroundings; No Cylinder Wall Along the

Reflection , computation including the emission of Circumferential Direction

the spray plumes plus the absorption and emission Across a Plume

of the wall but excluding the reflection and distribution in the corresponding plume. This
emission from the opposite walls; and Spray Plume, dists the orton o lu x
computation of radiation streaming out of thet portion of heat flux
scray plumes only. incident on a detector comes from the radiation

sc-irce right beneath the detector, as indicated by

The results obtained by using the above the directional cosine in Eq. (3). A similar
conditions and assumptions are shown in the conclusion was made in the authors' preliminary
following for various parameters with relevant radiation modeling of diesel combustion (5]. The
follantown local minimum around ad - 0.1 may be of surprise.
explanat ions. In order to find its reason, the net directional

radiation intensity was calculated at different

locations along the axis (Od 0 0) by varying the
azimuthal angle (;) of integration with an zineith

m. *.Q



angle of 3 = 39.7, as shown in Fig. 4: The reason was not found for the straight end of the plume
for the minimum at Od = 0.1 is readily explained (Id - 0) but for $d - 10. The humps in the curve
form the figure by finding that while the were found to occur due to the geometric
radiation heat flux incident on the detector at configuration of other plumes from a similar

the nozzle ( d - 0) is from all of the four analysis to results in Fig. 4.
plumes, the heat flux on the detector at Od - 0.1
is from the species from one plume, i.e., the
nearest plume. 0.06

% 005- - -Net

025 No ReflectionQ25. -Spol Plume
-P-OO 0 004 . .

.... 0.1

Z020 0.2

C -- \\t rr0.02

_ 0.5 . ,

C '6 001i' . . F o
.2E

0Cli z 0"-40
S.0 10 20 30 4

0 .Locoon of Deector on Side Wail of Piston Bowl, 0.

z Fig. 6. Radiation Heat Flux Through a
Piston-Cup Side Wall

-150 -00 -50 0 50 100 150

Azimuthal Direction in Hemispheric Volume, The heat flux on the cylinder linear (;d 1.)
may be of interest: Computation was made for Zd
-0.044 as shown in Fig. 7. The decrease in heat

Fig. 4. Net Directional Intensity Incident flux with Od was expected because the species
on Zineith Angle of 39.7 deg in the concentration near the detector becomes leaner
Hemispheric Volume (r,9,C) Faced by with increase in td. The relatively flat curve
Detectors Along a Plume Axis between 1d - 10* and Od - 35" indicates the

increasing effect of the neighboring plume on the
The radiation heat flux incident on the heat flux. Note that the heat flux striking the

piston surface (with the cup depth of 0.74 cm) for cylinder wall at od - 1 is stronger than that at
- 0 was calculated as shown in Fig. 5. The the similar location on the cylinder head. Also

trend of results is predictable; the local minimum note that the heat flux, in general, is much
at -d - 0 is caused by the weak emission species stronger on the cylinder head (Fig. 3) than the
right underneath the nozzle; the abrupt change cylinder liner (Fig. 7).
around Od - 0.7 is due to the presence of the
piston bowl bank.

lz 0025
.-: 0 12* 0

.0 020 - NetS ........... ,.' . . 0020'\- Soo¥Plm

S. .. Net No Reflectior,
010 _ No Ref lection C-Soroy Pfumf!

0 IO 0 Reflection

"- Soroy Plume
<-" 0-"-0015

S0.06 'o O O. ....10, 'I -.

ct004 0005.

-0 E
00

Q02 0
03Z 0 ________ ____, __

z 0 , . , , , 0 5 10 15 20 25 30 35 40 45

0 02 0.4 06 08 10 Oetector Location on-Cylinder Wall, *
Locationof Detector on Piston Surface, P,

Fig. 7. Radiation Heat Flux Through a
Cylinder Liner Along the

Fig. 5. Radiation Heat Flux Through a Piston Circumferential Direction
Surface Along the Axial Direction of a
P1 ILae Surface Emissivity. In Figs. 2 and 3, the

energy-spray plume is greatest and the energy-net
A similar computation was conducted for the is greater than the energy-no reflection. This

heat flux incident on the side wall of the piston result may be conveniently explained by the
cup as shown in Fig. 6. The strongest heat flux following example. At -d 0, since the detection

S70 "



surface absorbs 95% of the incident energy (with ".
reflection of 5%) and emits an amount of energy I T %

(T, - 500"K) equivalent to 1.4% of radiation 0.5
energy from th 93.6 y ofute enerpy-(qsp), the energy-no ra plume.
reflection is 93.6% of the energy-spray plume. . 8E-7
Computational results show the energy-net is 96.8% 04 \

of qso; the difference of the two, 3.2% c
(96.8%-93.6%) of qsp is, therefore, the energy
reflected from the opposite surface walls. Since, 0.3
from this example, 5% of reflection and 1.4% of 0
emission from the chamber surfaces result in a
3.2% of increment of the energy detected by a 02
location of the chamber, it may be concluded the %
following: A net energy equivalent to about one
half of the energy leaving a surface will arrive
at the same surface when incorporated the 0 1

emission from the opposite wall with the
extinction along the optical paths. z 0 ".

The effect of the above trend may be inferred 0 0.2 0.4 0.6 08 10
for different surface emissivities from the Detector Location in Radial Direction, P,
results shown in Fig. 8. The decrease of heat
flux-net with decrease in emissivity is caused by
the increase in reflectivity. At the present, the Fig. 9. Soot Concentration Variation Effect
spectral emissivity of the wall is being on Radiation Heat Flux Through a
incorporatedinto the analysis for further Cylinder Head
investigation as a continuing activity at Rutgers.

Soot and Gas Radiation. As expected from the
authors' previous study L51, it is found that the
soot radiation is much stronger than the gas
radiation (Fig. 10). The direct summation of soot

0.12 radiation and gas radiation exceeds the computed
0.95 combined radiation. While its reason may be

0.0 .explained by looking into the method of
combination [4,8], it can also be seen from the

" fact that some gas emission is absorbed by soots
0.0 " .and that soot radiation .is similarly attenuated by

B the presence of the gas species.

0.06

- -Comined-No Ref .
002 Gas.S

0 008

0 0.2 04 06 0.8 to 0.06
Detector Location in Radial Direction, P,

v004-
Fig. 8. Effect of Surface Emissivity on

Radiation Heat Flux Through a
Cylinder Head E Q02a

Soot Concentration. The radiation heat flux Z O0 ,_,
increases with the soot concentration in the plume 0 Q2 0.4 06 08 10
as shown In Fig. 9. The Increase is greater in Defector Location in Radial Direction, p,
the lower concentration range than that high
concentration. The reason for the convergence of
the emissivity at high soot concentration is due Fig. 10. Comparison of Radiation Heat Fluxes
to the exponential function relationship of the Due to Soot and Gaseous Species
emissivity to the volume absorptance. Another
lok at Fig. 9 will lead one to find the local In order to investigate predominant wave
minimum in heat flux does not occur for low soot bands of radiation, a wave number-resolved
concentrations. The result is more evidence to computation was made as shown in Fig. II. There
explain the unique receiving geometric are three distinctively strong bands of gas
configuration at the injection nozzle for some radiations at k - 1, 3 and 10 ,m (recall that the
cases, normalized wave number - /6 a ). In fact, each

band consists of many small bands of C02 and H20
in the plume. Over the spectra of radiation, one
finds that soot radiation is dominant in short
wavelength, 2 2 .m, while the gas radiation

7
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becomes important in longer wavelengths, > 4 ,.m
(Fig. 12). a Q025

alsO--Ps P'aimQ150 PI 002 pbotto
0020 (D atm

0.125 50a- .

0 .,0 0 .0 5 , -I0.075w" 0

J -Combined-NetO.C5C Sot C 0.010 "" , " ;S -uO'

&a 0.025-"t4 Q005
V E

-0.025 ' 0 'E

Z A Normalized Wovenumber, 6,,/A

I 2 3 4 5 6

Normalized Wovenumber, 6,,/A Fig. 13. Pressure Broadening Effect on

Diesel Radiation Heat Transfer
Fig. 11. Spectral Radiation Heat Flux

Due to Soot and Gaseous Species Surface Temperature. The weak effect of the
chamber surface temperature variation on the
radiation heat transfer is shown in Fig. 14. There

002 is some reduction in the energy-net due to the
6*- aNe stronger surface emission at higher surface
- 15 -Combid temperature. Such an effect will be greatly

Q. Q0l0 temperature, however, is extremely high in the
C0125 engine combustion chamber.

Z 0.01 " I l I i ,

- 014

* -/ ~008Z 0 .

1 2 3 4 5 6 o006Cr

Normalized Wavenumber, 6,,A 004

Fig. 12. Relative Spectral Radiation Heat
Flux Due to Soot and Gaseous E 002
Species o

Pressure. The effect of pressure on 0 0.2 0.4 06 08 0
radiation meat transfer was studied assuming the Detector Location in Radial Direction, p,
injection processes and the gas motions are not
affected. Figure 13 shows the computational Fig. 14. Surface Temperature Effect on
results of the pressure effect on spectrum- Diesel Radiation Heat Transfer
resolved radiation heat flux at d - 0. The
variation of the spectral radiation with pressure Burned Fuel/Air Ratio vs. Soot Concentration
is somewhat noticeable at the long wavelength vs. Flame Temperature. In order to mutually
region ( > 3 m) where the gas radiation is compare parameters greatly affecting the radiation
important. Since the flame temperature Is heat transfer, Figs. 14, 15 and 16 are offered.
relatively insensitive to the pressure variation, Several important points found from the results
the results in Fig. 13 only show the pressure may be in order: the effect on the radiation heat
broadening effect on the gas radiation in diesel transfer is much greater with the relative
combustion, variation of the fuel/air ratio than that of the

soot concentration. The greater effect of the
fuel/air variation is caused by the corresponding
changes in C02 and H20 concentrations and the
adiabatic flame temperature. Note that the
temperature effect on volume absorptance is the
quadruple power dependency of temperature and the
soot concentration effect on it is the linear
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relationship of soot concentration, temperature variation on the process ik concluded
to be very high as shown in the results. Figure

0.14 I I I 1 I 16 Shows the stronger effect of the temperature
variation on the radiation heat transfer at

Q12 -Standard shorter wavelengths. This may be well explained by
"**. 0/of, Plank's radiation function.

0% F/A0.10

, 00 ... .- ."* ""-.,. SUMMARY

A new radiation heat transfer model of direct006 ,,,injection diesel combustion has been developed.The model has been used for a parametric analysis

a" of radiation transmission in a diesel engine. Some
004 -' of the results may be misleading due to the lack" * of sufficient combustion details of the engine.

;0.02 -. Nevertheless, the present results clearly Show
E 02 that the engine radiation processes may be well

Q2 0. 06 .8analyzed by using the new model and that some new
0 Q 0 0 0 1 findings are worth noting: .

Detector Locaion in Radial Direction, Pd (1) The most portion of radiation heat flux
incident on a location in the chamber wall comesFig. 15. Comparison of Effects on Diesel from the radiation source right near the location.

Radiation Heat Transfer Due to
Variations in the Soot (2) The effect of surface emissivity on
Concentration and the Fuel/Air diesel radiation may not be negligible, in
Ratio particular, when the surface temperature is high,

as in new uncooled diesel engines.

a C1025 (3) The diesel radiation heat transfer is
highly dependent on the soot concentration and
weakly sensitive to the gaseous species

.. 002. -lOx AFT concentrations.>Z .0 9xAFT "

T (4.) The pressure effect on the radiation is
W, a0almost negligible in diesel combustion.

o.0 (5) The surface temperature of the chamber
wall is not a sensitive parameter on the diesel

1 -. radiation heat transfer, but it will not be
* . negligible where the local temperature is

exceedingly high.

E (6) The flame temperature or the fuel/air
-**. ratio variation produces very high impact on the

*z 0i radiation process, more than any other parameter1 2 3 4 5 6 studied.

Normalized Wavenumber, 6,./A
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David M. Mann).Since the adiabatic flame temperature is not
realistic, at all, in diesel combustion, the
sensitivity of radiation heat transfer to the NOMENCLATURE ","
temperature variation is worth investigating. Note
that the actual flame temperature in diesel a species distribution constant
combustion may either higher or lower than the A constants in adiabatic flame temperature
adiabatic flame temperature due to the post- equation
reaction compression, heat transfer, etc. Figure b species distribution constant
15 shows the effect of temperature on the 8 radlosity of surface
radiation heat flux. Note that there is an c speed of light
assumption of no change in gaseous species f species distribution with respect to
concentrations in this variation, unlike in the injection nozzle
fuel/air ratio variation. As mentioned above, fO species distribution constant
because of the quadruple dependence of temperature fv soot volumne fractionon the volume absorptance and due to the weak h Planck's constant
effect of the variation in gaseous, species I radiation intensity or number of carbon
concentrations on the radiation, the impact of atoms in a fuel
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k Boltzmann constant 8. Chang, S.L. and Rhee, K.T., "Coordinate Trans-
p pressure formation Method for Radiation Heat Transfer
q radiation heat flux Prediction in Soot Laden Combustion Products,"
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